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Abstract 
The studies related to hydrological processes, geochemical evolution and the impact 
of human activities to groundwater have been widely done in past decades. However, 
these studies related to processes of groundwater flow are not well understood 
temporally. In this study, these processes have been studied in the view of 
groundwater age in basin scale. Four typical basin of Ichikawa wetland basin, 
Gaoping karstic basin, Puding karstic basin and Kuchibuto river basin have been 
chosen for comparative study. Three major problems are discussed: (1) the 
hydrological processes characteristics in different aquifer; (2) geochemical evolution 
of groundwater; (3) the construction of contamination in decades. 
In the Ichikawa wetland basin, the reductive condition was developing along the 
groundwater flow path in the wetland based on the spatial distributions of NO3-, SO42-, 
Fe2+ and CH4 in the groundwater. The feasibility of each CFC is assessed under 
different reduction conditions. Compared to CFC-11, CFC-12 and CFC-113 are 
considered as suitable age dating tracers in aquifer at two sides of the wetland. The 
apparent age of groundwater in the study wetland is estimated as from 38 to 48 years 
by using CFC-12 and CFC-113 binary mixing model. The depth of the groundwater 
flow in the aquifer can be estimated as about 12-13 m from the ground of wetland 
based on data of the groundwater age and water balance in 33 years. The recharge 
area is calculated as 0.94 km2. The geochemical evolution in the wetland basin is 
mainly controlled by the characteristics of groundwater flow and the biogeochemical 
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processes under reduction conditions in the wetland aquifer. 
  Comparing with the Icikawa wetland basin, the most effect factor for groundwater 
age dating is contamination by contacting with air in karstic basin rather than 
reduction conditions. In the Gaoping karstic basin, concentrations of Ca2+, Mg2+, 
HCO3-, SO42- and saturation index of gypsum and anhydrite increased with the 
apparent age, indicating inherent dynamic processes involved water-rock interaction 
and groundwater flow. The contribution of groundwater to river is estimated from 35 % 
to 80 %. Also, nitrate in the groundwater is also increasing with apparent age from 
approximately 1970 to the end of the 1980s due to increasing use of N-fertilizer. The 
Puding karstic basin was hydrogeologically classified into three zones based on 
hydrogen and oxygen isotopes as well as the field surveys. Isotopic values were found 
to be enriched in the zone 2 where paddy fields were prevailing with well-developed 
underground flow systems, and heavier than those in the zone 1. The zone 3 was 
considered as the mixture of the zone 1 and the zone 2 with isotopic values falling in 
the range between the two zones. Conceptual hydrological model was thus proposed 
to reveal the probable hydrological cycle in the basin. 
In the hard rock aquifer of Kuchibuto river basin, the water type of groundwater 
belongs to the Ca-Mg-HCO3 type. The groundwater in the aquifer is not contaminated 
by the human activities, and the water-rock reaction is also not strong in the hard rock 
aquifer. The samples can be classified as three types which are related to the aquifer 
structure based on the characteristics of CFCs in the groundwater. Three types of 
groundwater flow in different zones of the aquifer are also estimated related to the 
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characteristics of CFCs and aquifer structure of hard rock. 
Key words: hydrological process, geochemistry evolution, groundwater apparent age, 
groundwater mixing 
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要 旨 
流域水文プロセス、水質進化および汚染物の移動が地下水流動との関連性
について、さまざまの視点から広く研究されてきたが、地域水の流動と物質移
動に関わるプロセスに関しては不明な点が多く残っている。そこで、本研究は
地下水の涵養年齢、流域水循環、水質進化及び汚染物の移動について、そのプ
ロセスを明らかにすることを目的とした。そのために、中国貴州省における二
つのカルスト研究区域（Gaoping basin and Houzhai basin）、日本千葉県及び福
島県における二つ研究区域(市川湿地流域と口太川花崗岩流域)を選び、1、地
下水涵養年代による水循環特徴、2、地下水年齢と水質進化の関係、3、タイム
スケールにおける人間活動による汚染物の輸入量の変化特徴である三つの要
素について検討した。 
市川湿地流域において、NO3-, SO42-, Fe2+ and CH4の空間分布に基き、地下
水流動に沿って還元環境が発達することがわかった。故に、異なる還元条件で
三種類のCFCsの安定性を評価した。湿地両側の帯水層で、CFC-12及びCFC-113
はCFC-11と比べて、より安定することが認められ、適切なトレーサーとして
地下水年齢を計算した。バイナリ混合モデルを用いて、地下水の平均涵養年齢
は38から43.5年であると推定された。この結果と流域バランスデータに基づい
て、地下水の循環深度は湿地の地下深度12から13 m程度、流域の涵養面積は
0.94 km2。従って、この流域における地球化学的な水質進化は主に地下水流動
の特性及び帯水層の還元条件下における生物地球化学的プロセスに影響され
ていることを考えられた。 
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カルスト流域においては、市川湿地流域におけるCFCsの影響要因は異な
り、大気から汚染されていることが思われる。Gaoping流域では、主なイオン
と硬石膏の飽和指数は、地下水年齢の増加とと共に上昇する傾向があるため、
地下水流動に沿って水と岩石の反応が強化したことが推測された。地下水から
川への水量寄与率は35％－80％範囲で推定されていた。また、窒素肥料の使用
量が増加したため、約1970年から1980年代の間の地下水中における硝酸イオン
濃度は地下水年齢と共に増加した。Puding流域では、水素と酸素の同位体比の
空間分布特徴に基づいて、三つの水文地球科学的なゾーンを分類した。ゾーン
2の土地利用は主に水田である。水田では大量に蒸発した水と発達したカルス
ト地下フローシステムにインタラクションするため、ゾーン2の水はゾーン1
より豊富でことが推察された。ゾーン3は、水素と酸素の同位体比はゾーン1
とゾーン2の間に変化していたため、2つのゾーンの混合作用による結果だと考
えられた。この結果に基づき、この水文特徴の概念図が提出され、流域の水文
循環特徴を判明した。 
口太川流域では、地下水の水質がCa-Mg-HCO3パターンである。このハー
ドロックの帯水層における地下水のイオンが低いことにより、人間活動に影響
されず、水岩反応が弱いことを認めた。また、CFCs特徴に基づいて三種類地
下水を分類して、同じ帯水層構造の異なるゾーンにおける地下水の流動特徴を
把握した。 
キーワード：水文プロセス、水質進化、地下水涵養年齢、地下水の混合  
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Chapter 1 Introduction 
1.1 The “age” of modern groundwaters 
Groundwater age is defined as the amount of time that has elapsed since a particular 
water molecule of interest was recharged into the subsurface environment system 
until this molecule reaches a specific location in the system where it is either sampled 
physically or studied theoretically for age-dating (Kazemi et al., 2006). 
Based on this definition, a groundwater’s age is closely related to the rate of its’ 
migrates. Considering simple migration in one dimension, flow velocity is the 
reciprocal of the age gradient, which is the rate that age changes with distance along 
the direction of flow. The more sharply age increases, the more slowly water migrates. 
The distribution of groundwater age reveals aspects of the nature of a flow regime. 
Where flow velocity in an aquifer from the age distribution can be figured, if the head 
gradient and porosity were observed, hydraulic conductivity can be obtained by 
applying Darcy’s law. Hydraulic conductivity determined in this way may constitute 
valuable information, because it can be calculated over large or even regional 
distances, at scales greater than those amenable to laboratory measurement or well 
testing. As well, unexpectedly old water in an aquifer may point to upwelling of 
ancient fluids from below, and notably young water may reflect active infiltration 
from the surface. In these cases, the age distribution along an aquifer can give the rate 
of cross-formational flow or surface recharge, both of which may be difficult to 
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determine by other means. 
The “age” of a groundwater also has important implications for water resource 
management. Using groundwaters that are not actively recharged is mining. On the 
other hand, groundwater that is part of the modern hydrological cycle is continuously 
renewed. Its exploitation is potentially sustainable. Deep and/or regional 
groundwaters can be mixtures of modem and older inputs. However, the presence of 
even a minor component of modem recharge is important because it indicates a 
hydraulic connection with an active flow system. Increased pumping may then 
increase the proportion of the modem contribution. 
In practical terms, “modem” groundwaters are those recharged within the past few 
decades and are part of an active hydrological cycle. Classical methods are often the 
best indication of whether groundwaters are actively recharged. Evidence from 
hydrogeological mapping, seasonal fluctuations in water level, temporal variations in 
geochemistry or stable isotopes, and anthropogenic pollution (e.g. nitrate) are 
indications of active recharge. However, isotopes are used when such hydrogeological 
information is ambiguous, and more importantly, to constrain the age of recently 
recharged water. 
1.2 Dating modern groundwater with CFCs 
1.2.1 The historical change of atmospheric CFCs 
concentrations 
Chlorofluorocarbons (CFCs) are stable, synthetic, halogenated alkanes, developed in 
 3 
 
the early 1930s as safe alternatives to ammonia and sulphur dioxide in refrigeration. 
Production of dichlorodifluoromethane (CFC-12) began in 1931 followed by 
trichlorofluoromethane (CFC-11) in 1936. Many other CFC compounds have since 
been produced, most notably trichlorotrifluoroethane (CFC-113), produced 
commercially from 1944. CFCs are nonflammable, noncorrosive, nonexplosive, very 
low in toxicity, and have physical properties conducive to a wide range of industrial 
and refrigerant applications. Primary uses of CFC-11 and CFC-12 include coolants in 
air-conditioning and refrigeration, blowing agents in foams, insulation, and packing 
materials, propellants in aerosol cans, and as solvents. CFC-113 has been used 
primarily by the electronics industry in manufacture of semiconductor chips, in vapor 
degreasing and cold immersion cleaning of microelectronic components, and as a 
solvent in surface cleaning procedures (Jackson et al., 1992). 
Release of CFCs to the atmosphere and subsequent incorporation into the Earth’s 
hydrologic cycle has closely followed production. For example, it has been estimated 
that CFC-1l and CFC-12 produced for aerosol propellants were released, on average, 
within 6 months of sale (Gamlen et al., 1986), and emissions of CFCs used as blowing 
agents in open-cell foams and extruded foams took place within less than 1 year 
(Fisher and Midgley, 1993). CFCs used in refrigeration and air-conditioning have 
somewhat greater storage times, being released on average within 1 to 10 years, and 
CFCs used as blowing agents in closed-cell thermoset foams are released after more 
than 10 years (Midgley and Fisher, 1993). Current estimates of the atmospheric 
lifetimes of CFC-11, CFC-12, and CFC-113 are 45 ± 7, 87 ± 17 and 100 ± 32 years 
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(Volk et al., 1997). 
1.2.2 Dating with CFC concentrations 
CFCs provide excellent tracers and dating tools of young water (50 year time scale). 
CFC-11, CFC-12 and CFC-113 concentrations in water can be determined to a 
detection limit of about 0.3 picograms per kg of water (pg kg·l) using purge and trap, 
gas chromatographic techniques with electron-capture detector (GC-ECD) (Bullister, 
1984; Bullister and Weiss, 1988; Busenberg and Plummer, 1992). This means that by 
measuring concentrations of CFC-12, CFC-11 and CFC-113, it is possible to identify 
groundwater recharged since approximately 1941, 1947, and 1955, respectively. 
Groundwater dating with CFC-11, CFC-12 and CFC-113 is possible because (1) the 
atmospheric mixing ratios of these compounds are known and have been 
reconstructed over the past 50 years, (2) the Henry's law solubilities in water are 
known, and (3) concentrations in air and young water are relatively high and can be 
measured. 
The feasibility of using CFCs as tracers of recent recharge and indicators of 
groundwater age was first recognized in the 1970s (Hayes and Thompson, 1977; 
Randall and Schultz, 1976; Randall et al., 1977; Schultz, 1979; Schultz et al., 1976; 
Thompson et al., 1974; Thompson, 1976; Thompson and Hayes, 1979) These 
scientists laid much of the groundwork on which we base CFC applications in 
hydrologic studies today. Thompson et al. (1974) conducted tracer tests by injecting 
fluorescein dye, and later a solution containing 100 mg.kg-1 of CFC-11 into an aquifer 
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of poorly sorted sand and gravel. The fluorescein dye was not recovered whereas the 
CFC-l1 arrived at a nearby monitoring well within the expected travel time. This 
indicated the potential for use of CFCs as tracers in porous media where moderately 
adsorbing tracers could not be used. Schultz et al. (1976) demonstrated the use of 
CFC-l1 in tracing groundwater recharge of sewage effluent discharged to dry washes 
and riverbeds near Tucson, Arizona. Randall and Schultz (1976) introduced a method 
to date a water sample with CFC-11 in relation to an analysis of another water sample 
of known age, and to determine age from analysis of a single water sample through 
Henry’s law solubility. Randall and Schultz (1976) also recognized the need for 
reconstruction of atmospheric mixing ratios of CFCs to improve dating capability, the 
possibility of detecting both CFC-11 and CFC-12 in the same analysis (at that time, 
analytical procedures were capable of detecting only CFC-11), and potential for 
dating using ratios of CFCs. Thompson (1976), Hayes and Thompson (1977), and 
Thompson and Hayes (1979) refined field GC-ECD analytical procedures for CFC-11 
and tested the feasibility of dating with CFC-11 in groundwater systems in parts of 
New Jersey, Arkansas, and Texas, where hydrologic conditions were well established. 
In all three cases they found good agreement between CFC-11 concentrations in the 
groundwater and known hydrologic conditions. 
From the late 1970s, chlorofluorocarbons have been used increasingly as tracers of 
oceanic circulation, ventilation, and mixing processes (Bönisch et al., 1997; Bullister, 
1989; Rhein, 1991; Smethie Jr, 1993; Wallace et al., 1994; Warner et al., 1996). The 
Henry’s law solubilities of CFC-11, CFC-12 and CFC-1l3 were measured to high 
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precision (Bu and Warner, 1995; Warner and Weiss, 1985), and purge and trap 
GC-ECD analytical procedures improved (Bullister and Weiss, 1988). Much of this 
work developed by the oceanographic scientific community was adopted for 
groundwater studies in the early 1990s (Busenberg and Plummer, 1991; Busenberg 
and Plummer, 1992; Epler, 1990). 
 
Figure 1-1 Concentrations of CFCs in the atmosphere (http://water.usgs.gov/lab). 
Methods of collection and preservation of water samples prior to analysis have also 
evolved. In the first groundwater studies (from the 1970s), CFC analyses were 
performed in the field immediately after collection in glass syringes. Collection in 
glass syringes and shipboard analyses continues to be the most expedient method used 
in oceanographic studies. In the USA, however, because of Nuclear Regulatory 
Commission (NRC) licensing requirements for the radioactive 63Ni source in the ECD, 
it is not practical to measure CFC concentrations on site for most groundwater 
investigations. For this reason, Busenberg and Plummer (1992) designed sampling 
equipment and introduced procedures for collection and preservation of water samples 
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in the field. The samples are then transported to the NRC-licensed laboratory for 
analysis. In field sampling, a closed path is established between the well or pump 
through refrigeration-grade copper tubing to a valve system that allows filling and 
flushing of 62 ml borosilicate ampoules with water, creating a headspace with 
CFC-free ultrapure nitrogen, and fusing. This collection method has been used in 
most CFC groundwater studies of the 1990s, and even in some oceanographic studies 
(Shapiro et al., 1997), although alternative collection procedures (water sealed in 
copper tubes with pinch-off clamps) have also been introduced (Hofer and Imboden, 
1998; Jean-Baptiste et al., 1994; Wilkowske and Solomon, 1997). Additional 
information on collection procedures and analysis is given in many studies 
(Busenberg and Plummer, 1992; Cook et al., 1995; Dunkle et al., 1993). Details on 
methods of collection of chlorofluorocarbons in gas samples are also reported 
(Busenberg et al., 1993).  
1.3 Hydrological cycle and geochemical processes in relation 
to groundwater age 
In developing management strategies for groundwater systems, dating can be a useful 
tool to determine recharge rates to aquifers, calibrate models of groundwater flow, 
extract information on the rates of geochemical and microbiological processes 
occurring in aquifers, classify hydrogeologic environments on the basis of 
contamination potential, retrieve historical records of contaminant loading to aquifers, 
and estimate remediation times for groundwater systems that are already 
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contaminated. 
1.3.1 Characteristics of groundwater flow 
1.3.1.1 Calibrate models of groundwater flow 
A powerful application of dating groundwater is the calibration of groundwater flow 
and solute transport models. From a conceptual point of view, age data have the 
potential to highly constrain flow and transport models because an age sample 
collected at a point in space represents an integration of the upstream velocity field. 
The use of age data as calibration targets in models has been applied in several 
different modes. In the most straightforward mode, age data are compared with travel 
times computed using the modeled flow field. Travel times are typically computed 
using particle tracking routines that numerically differentiate the hydraulic head field 
that is obtained from a flow model. The computed hydraulic gradients are then 
combined with hydraulic conductivity values to produce the velocity field. Imaginary 
particles are then transported from a user-selected starting position through the 
velocity field to a point of interest. The particles may be transported forward in time 
(i.e. from a recharge point towards a discharge point), or may be transported 
backwards in time. The latter is particularly useful for comparing simulated and 
measured age values. For example, a particle can be placed at the midpoint of a well 
screen from which it was collected, and then transported backwards until it reaches 
the water table. Both the flow path and the transport time can be computed. Model 
parameters, such as recharge rate and hydraulic conductivity, can be adjusted in order 
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to obtain a better fit between observed and computed values (Reilly et al., 1994; 
Szabo et al., 1996). 
A final example of using age data to calibrate a groundwater flow model involves a 
formal inversion procedure. A flow and transport model for an unconfined aquifer on 
Cape Cod, Massachusetts were constructed (Portniaguine and Solomon, 1998). A 
homogeneous hydraulic conductivity was assumed, but a spatially variable recharge 
rate. The thickness of the aquifer, its porosity and the downstream boundary condition 
were also allowed to vary within the inversion process. Both age and hydraulic head 
data were used as calibration targets. The hydraulic head data per se were sensitive to 
the ratio of recharge flux to hydraulic conductivity. The age data were sensitive to the 
ratio of recharge to porosity. Together, the age and head data provided a constraint on 
both boundary values (recharge rates) and hydraulic properties. However, a sensitivity 
analysis showed that porosity, hydraulic conductivity and recharge are all correlated, 
and thus a unique inverse solution requires an independent constraint on one of these 
parameters. Because independent measurements of porosity can typically be made 
reliably (at least in granular systems), the results of Portniaguine and Solomon (1998) 
indicate that within limits, the combined use of hydraulic head and age data represent 
a well posed inverse problem (i.e. one that can have a relatively unique solution). 
1.3.1.2 Determine recharge rates to aquifers 
In an aquifer of constant thickness and receiving constant recharge, the groundwater 
age will increase exponentially with depth below the water table. The vertical 
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component of the groundwater velocity will decrease from R/ε at the water table (R is 
the recharge rate, ε is the aquifer porosity), to zero at the base of the aquifer 
(assuming that the aquifer is underlain by an impermeable aquiclude). If the 
groundwater age is measured at any discrete depth, then it is possible to calculate the 
groundwater recharge rate. In practice, collection of a number of samples at discrete 
depths close to the water table is preferred, and vertical groundwater velocities can 
then be directly determined from the vertical CFC age gradient. The aquifer recharge 
rate can be determined from this data, provided that the aquifer porosity is known or 
can be estimated. Cook et al. (1995) reported the vertical CFC-12 profile measured at 
the Sturgeon Falls site, Ontario, Canada. This site was instrumented with a series of 
piezometer nests constructed of polyethylene or polyvinyl chloride (PVC) tubing, all 
with 15 cm screens, permitting excellent vertical resolution of groundwater samples. 
Concentrations decrease almost linearly with depth, from 510 pg/kg at 0.6 m to less 
than 50 pg/kg below 10 m. The concentration measured in the uppermost sample is 
not significantly different from that which would be expected for water in equilibrium 
with the atmosphere (in 1993, the time of sampling) at a recharge temperature of 3 ℃. 
The apparent CFC age increases with depth, from zero at 0.6 m, to 34 years at 11.9 m. 
The apparent age of 36 years for the sample at 19.1 m appears too young, and is 
attributed to low levels of contamination, probably introduced during sampling. 
Apparent CFC-12 ages of 27 and 33 years at 9.8 and 11.9 m depth are in good 
agreement with 3H data obtained at the site. Near the water table, the increase in 
apparent CFC-12 age with depth is approximately 2.5 a/m. This is equivalent to a 
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vertical water velocity of 0.4 m/a. Multiplying by an aquifer porosity of 0.35, this 
equates to a groundwater recharge rate of 140 mm/a. For comparison, Cook et al. 
(1995) estimated an aquifer recharge rate of 130 mm/a using a groundwater flow 
model calibrated to the CFC-12 data. 
1.3.1.3 Tracing flow direction and velocity 
Discharge models that integrate all flow paths in a system can be very powerful for 
understanding both the flux of water into a system and the volume of water in storage. 
However, for a discharge model to be valid, a mixed sample of all flow paths must be 
collected. This may occur in regional springs, but is most likely to occur in gaining 
streams that represent regional discharge points. Discharge models have been 
successfully applied to base flow in streams using non-volatile environmental tracers, 
such as tritium. The difficulty of using CFCs in streams arises from gas exchange 
between the atmosphere and stream water. As groundwater with low CFC 
concentrations discharges into streams, it is possible for the stream to ‘absorb’ CFCs 
from the atmosphere, thereby overprinting the CFC signature of groundwater. 
Although gas exchange seems likely in virtually all streams, Solomon et al. (1997) 
pointed out that numerous measurements of CFCs in streams in the western USA 
indicate that streams are seldom in equilibrium with the atmosphere. To explain this 
observation, Solomon et al. (1997) developed a simple model of CFC exchange in 
streams.  
Shaw (2000) examined the exchange of CFCs by performing a tracer experiment in 
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Little Cottonwood Creek, Utah. Shaw utilized a numerical model of solute transport 
in streams that was modified to include gas exchange, developed by Runkle et al. 
(1998). 
For the gaining stream described previously, in which the surface area does not 
increase downstream, dilution of stream flow by groundwater (having a low CFC 
concentration) is offset by the uptake of CFCs from the atmosphere, such that a steady 
state concentration is obtained (Solomon et al., 1997; Shaw, 2000). 
In contrast, when the groundwater discharge is small and the stream is shallow, 
allowing significant gas exchange (i.e. the ratio of k to q is large), the concentration of 
CFCs in the stream will approach equilibrium with the atmosphere. For the tracer 
experiment conducted by Shaw (2000), the gas exchange velocity was determined to 
be 90 cm/h while the discharge of groundwater was 1.6 cm2/a to give a k/q of about 
55 cm-1. Thus, for Little Cottonwood Creek, Utah, the concentration of CFCs in the 
stream should not be at equilibrium with the atmosphere, but rather should reflect 
both the concentration of discharging groundwater, and the uptake of CFCs from the 
atmosphere. If the exchange velocity is independently derived, e.g. Shaw (2000), then 
it may be possible to derive the concentration of CFCs in groundwater by measuring 
the concentration of CFC in stream flow of a gaining stream. 
The practical aspects of the above analysis are twofold. First, gaining streams are 
not expected to have modern concentrations of CFC unless groundwater discharge is 
small and the stream is shallow, allowing for significant gas exchange. Second, it may 
be possible to derive an integrated concentration for groundwater that could be used, 
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for example, in a groundwater discharge model, by measuring CFC concentration in 
streams. The above conclusions are consistent with a study of CFCs in the Daly River 
in northern Australia (Cook et al., 2003). CFC concentrations remained below 
atmospheric solubility for more than 30 km downstream from a section of the river 
where CFC-free groundwater is discharging into the river. 
1.3.2 Geochemical evolution of groundwater 
Hydrochemistry of surface waters is affected by many factors, such as geological 
characteristics, chemical weathering, atmospheric deposition, biological activities etc. 
(Gassama and Violette, 2012; Hagedorn and Cartwright, 2009). Many studies of 
chemical weathering often rely on monitoring the chemical composition of stream 
water (Drever and Zobrist, 1992; Stallard and Edmond, 1983; Velbel, 1985; Wallick, 
1981). But it cannot completely explain the hydrochemistry evolution of catchments 
(Christophersen et al., 1990; Hooper et al., 1990). 
Under natural conditions, groundwater makes great contributions to stream flow in 
most physiographic and climatic settings in karst regions. It is increasingly apparent 
that evolution of either groundwater or surface water in karst basin affects the other. 
Water movement in karstic aquifers is often difficult to evaluate because of gross 
heterogeneity in permeability and hydraulic conductivity, mixed conduit and diffuse 
flow, and variations in location and amount of recharge and discharge (Budd and 
Vacher, 2004; Martin and Dean, 2001; Peterson and Wicks, 2005). Chemical kinetics 
of water in karstic basin is involved aqueous solutions and chemical equilibriums with 
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aquifers through which it flows. Contact time as well as contact area is important in 
the interaction between rock and water. As a result, the chemical evolution of shallow 
groundwater depends on the rates of these reactions in aquifers with complex 
structure (Wicks and Engeln, 1997; Wigley, 1973). 
Residence time is important for understanding and quantifying flow in karst 
aquifers through complex networks of conduits, fractures, and other pore spaces, each 
of which has a different groundwater age (Long and Putnam, 2006). It also becomes 
an index of contact time for estimating the kinetics of geochemical reactions in karstic 
aquifers. Anthropogenic tracers are useful in estimating groundwater age distributions 
through the application of appropriate models (Maloszewski and Zuber, 1982). 
Concentrations of CFCs in atmosphere have increased since the 1950s due to using 
these compounds as coolants in refrigeration systems, solvents, blowing agents and 
propellants in air conditioners. The concentration of dissolved chlorofluorocarbon in 
groundwater depends on the atmospheric concentration at the time of recharge. The 
potential of environmental Chlorofluorocarbons (CFCs) in dating groundwater has 
been recognized since the mid-1970s (Thompson and Hayes, 1979) and has been used 
successful in some karst areas (Katz et al., 2005; Long and Putnam, 2006; Long and 
Putnam, 2009a; Plummer et al., 1998a; Plummer et al., 1998b). 
With respect to the development of karst, it makes the lower limit of solubility that 
a transitional situation exists in reality (Ford and Williams, 1989). It is the time and 
space depended processes, but knowledge is limited from the field works. In this 
respect, it is of significant important to understand the relation the time involved 
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water-rock reaction and release of chemicals in karstic aquifers. 
1.3.3 Historical contamination loading to aquifer 
In dating groundwater with environmental tracers, it is assumed that the aquifer 
records a history of the tracer concentration recharged over the timescale investigated. 
Similarly, other substances recharged may also be archived in the groundwater 
reservoir. When the mixing effects of dispersion are low and transport of the solute is 
not retarded, a history of solute loading to the aquifer can be reconstructed by 
measuring solute concentration in dated samples. Groundwater systems are likely to 
hold valuable records of past environmental change that occurred in recharge areas of 
the aquifer over periods that are otherwise unobtainable. As a test of various dating 
methods, initial tritium concentrations in recharge waters are often reconstructed by 
correcting the measured tritium for radioactive decay over the age of the sample (or 
determining initial 3H from the measured 3H and tritiogenic 3He), and comparing the 
reconstructed initial tritium to local records of tritium in recharge waters (Dunkle et 
al., 1993; Ekwurzel et al., 1994; Plummer and Busenberg, 2000). 
Groundwater dating permits the retrieval of environmental records from aquifers 
only over the timescale valid for the particular tracer. Because of their relatively short 
(recent) timescale, CFCs and 3H/3He are particularly well suited for retrieving records 
of human impacts on aquifers. For example, CFC dating of shallow groundwater in 
agricultural areas of the Atlantic coastal plain of parts of Maryland and New Jersey, 
USA (Böhlke and Denver, 1995; Dunkle et al., 1993; Modica et al., 1998) indicates 
 16 
 
fairly low rates of nitrate loading to groundwater in the study areas prior to the early 
1970s, and rapid loading of nitrate beginning in the early to mid-1970s in Maryland 
and early 1980s in the New Jersey study. The rapid rise in nitrate concentrations in 
groundwater apparently reflects changes in the local application rate of fertilizers 
(Böhlke and Denver, 1995). In many samples from agricultural areas of the Atlantic 
coastal plain, the maximum nitrate concentration exceeds the USEPA maximum 
contaminant level (MCL) of 10 mg/L as N. There is considerable interest in retrieving 
dated records of nitrate loading to groundwater because, unless denitrified in the 
groundwater system, the groundwater nitrate will eventually discharge to surface 
waters and estuaries adding nutrients that degrade the aquatic health of the region 
(Blicher-Mathiesen et al., 1998). Using the reconstructed nitrate–age relation for 
groundwater in Maryland and an exponential model, found that base flow 
concentrations of nitrate in a stream receiving discharge from the aquifer could be 
predicted if the average residence time of water in the aquifer was 20 years (Böhlke 
and Denver, 1995). This information can be used to predict the future response of 
surface waters in the area to changes in land use and to application rates of fertilizers. 
CFC dating in conjunction with a one-dimensional transport model is used for 
estimating the age and history of herbicides in water from wells in California, USA 
(Spurlock et al., 2000). CFC dating is also used for retrieving a record of nitrate 
recharge rates over a period of several decades beneath changing agricultural land use 
in Minnesota, USA (Böhlke, 2002). CFCs and other methods are used for 
documenting local variations in recharge rates of water and agricultural chemicals 
 17 
 
caused by topographical effects (Delin et al. 2001). 
Many of the contaminants of interest added to groundwater may be unstable and 
can degrade, which can result in minimum estimates of historical loading to the 
aquifer. However, if the degradation products can be measured, the initial 
concentrations can be reconstructed. The quantity of excess N2 from denitrification is 
used for reconstructing the initial nitrate concentration in anaerobic, denitrified 
samples when developing groundwater records of changing agricultural 
contamination in recharge (Böhlke, 2002; Böhlke and Denver, 1995). Finally, in 
samples that are mixtures of young and old, it is usually reasonable to assume that the 
contaminant is associated with the young fraction. Therefore, in reconstructing the 
contaminant concentration in the young fraction, the measured concentration must be 
divided by the fraction of young water in the mixture. Approaches for combining 
groundwater dating with studies of agricultural recharge records and discharge 
mixtures have been reported (Böhlke, 2002). 
1.4 Purpose of the study 
As reviewed in the previous part in this chapter, three types of aquifers (karstic aquifer, 
homogeneous aquifer and hard-rock fractured aquifer) were chosen to understand the 
mechanism of hydrological cycle and associated hydrogeochemical processes in 
temporal perspectives. Therefore, the purposes of this study are shown as follows: 
(1) To assess the processes that can modify apparent CFC age in wetland aquifer; 
(2) To identify the characteristics of hydrological processes in three types of aquifers 
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in humid region; 
(3) To understand the mechanism geochemical evolution of groundwater in temporal 
perspective and reconstruct the historical contamination loading to an aquifer; 
The structure, content and scientific problems discussed in the study are presented in 
Table 1-1, as the following: 
Table 1-1 Structure, content and scientific problems discussed in the study. 
Chapter Contents Science problems discussed 
Chapter 
1-3 
Reviews on the age of 
groundwater, the groundwater 
dating technique using CFC and 
the hydrogeological processes in 
relation to groundwater age. 
 
Chapter 4 Assessment of the processes that can modify apparent CFC age. 
Assessing the usability of apparent 
CFC age. 
Chapter 5 
The characteristics of 
hydrological cycle and 
mechanism of geochemical 
evolution of groundwater in 
homogeneous aquifer. 
Identifying characteristics of 
hydrological cycle and discussing 
mechanism of geochemical 
evolution of groundwater in 
homogeneous aquifer. 
Chapter 6 
Hydrological processes, 
geochemical evolution and 
contamination in decades in 
karstic basins. 
Understanding hydrological 
processes, geochemical evolution 
and contamination in decades in 
karstic basins. 
Chapter 7 
Hydrological processes and 
geochemical characteristics in 
fractured hard-rock aquifer. 
Understanding characteristics of 
groundwater flow and geochemical 
evolution in fractured hard-rock 
aquifer. 
Chapter 8 The comparative studies of three types of aquifer in humid region. 
Understanding critical hydrological 
processes and mechanism of 
geochemical evolution of 
groundwater in three types of 
aquifer of humid region. 
Chapter 9 General conclusions and future works  
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Chapter 2 General descriptions of study 
areas 
2.1 Description of karstic basins in southwest of China 
2.1.1 Gaoping Basin 
Gaoping basin (106°50′-106°56′E, 27°45′-27°52′N) with the area of 52 km2, is located 
in north of Guizhou province. The climate belongs to subtropical warm-moist, annual 
average temperature is 15.2 °C, and the annual average relative humidity is about 
82 %. The mean annual precipitation in the basin is about 1094.6 mm with 60-70 % of 
which is available from May to August.  
  The geology of the basin mainly consists of Cambrian dolomite, Ordovician 
mudstone and a few Quaternary clays. Numerous tectonic faults and joints in the 
study area trend preferentially along the NE–SW direction. Calcite and minor 
amounts of secondary silicates can commonly be found in the fractures through which 
groundwater flows. The boundaries of aquifers in the study area are well defined by 
stratigraphic and tectonic contacts. To the northwest and southwest, there are 
Cambrian Gaotai group, low permeable siltstone and mudstone. Faults and 
Ordovician mudstone can be found to the southeast, and the surface watershed of 
karst morphology to the northeast. Ordovician Meitan group mudstone in the 
southeast of faults acts as a barrier to groundwater due to low permeability, and the 
hydrogeological unit is formed by a thick series of Cambrian Loushanguan group 
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carbonate rocks(Wang, 1995; Wang, 1998; Wu et al., 2009). Along the faults, there 
exist many springs. The combination of climate, groundwater and carbonate bedrock 
have resulted in karstification in the basin. 
The study area is semi-closed valley, surrounded by mountain which is the recharge 
area of the stream in the basin. The elevation of basin ranges from 882 to 1291 m 
above sea level. Geomorphologically, the northwest part is higher than the southeast, 
which control the development of the Gaping stream. Averagely, the streambed is 
about 1-2m below the bottom of valley. Farmlands, forest and building lots cover 
29 %, 28.2 % and 17 % of basin, respectively. Other 25.8 % are gardens (4.8 %) and 
not used land (21 %). The forest mainly distributes on the hillside, and farmlands are 
found in lowland of the basin. 
2.1.2 Houzhai Basin 
The Houzhai basin (105°41′27″~105°43′28″E, 26°13′3″~26°15′3″N) is located in 
Puding county of Guizhou province, southwestern China where the most typical and 
diverse karst landforms exist. The basin is a typical karst basin with an area of 81 km2. 
The elevation of the basin ranges from 1218 m to 1585 m, declining from southeast to 
northwest. Monsoon climate dominates the basin with an annual precipitation ranging 
from 1200 to 1400 mm, about 80% of which falls during the wet season from May to 
October(Chen et al., 2006; Zhang. and Yuan, 2004).  
The exposed strata in the basin are mainly limestone and dolomite of the Middle 
Triassic, which covers nearly 90% of the basin. From southeast to northwest, the 
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geomorphologic type in the basin changes from peak clusters with depressions to peak 
forests with valleys, and finally to peak forests with plains (Li et al., 2010; Zhaogan et 
al., 1998). 
Surface rivers can only be found in the middle and the northeast part of the basin 
where the karst system is less developed. The Haoying river and the Dengzhan river 
in the upper reach flow northwestwards to Qingshan reservoir and the Houzhai river 
in the lower reach. In contrast, the karstic groundwater system is much developed in 
the south part of the basin where no surface river system is found, the karstic flows 
are from the southeast to the northwest and finally show up as springs at the discharge 
area of the basin.  
2.2 Description of headwater wetland in Japan 
The study area is the headwater wetland (35.76ºN, 139.97ºE) in Ichikawa City, Chiba 
Prefecture, Japan. It used to be paddy field about 30 years ago and has been 
redeveloped to a wetland park since then. The springs and upward groundwater form 
a river flowing through the wetland valley. Piezometers are set at site R2, S6 and S15 
in the depths of 1m, 2m and 3m for each site. R2 is located in the wetland, and S6 and, 
S15 are at the slope foot adjacent the wetland. The recharge area of upland around the 
wetland is covered by Kanto loam 4 m in thick. The sequence of underlain strata is 
Joso clay layer (2 m in thick) and Narita sand layer (22 m in thick). Narita sand layer 
extends to the wetland as the major aquifer in the study area. A thin layer of cohesive 
soil and sandy clay covers the wetland surface. 
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The mean annual temperature is 14.8 ℃, and the mean annual precipitation is about 
1313.8 mm based on a 33-years record from Japan Meteorological Agency. Elevation 
of upland and wetland is about 30 m and 12 m, respectively. The water table in the 
upland is around 8 m below the surface. Major land uses in the upland of study area is 
pear plantation, which uses many cattle manures and has caused the high 
concentration of NO3- in groundwater in the study area. 
2.3 Description of granitic Kuchibuto river basin 
The study area (37.58-37.61 N, 140.63-140.68 E) is in the Kuchibuto river basin in 
Kawamata-machi, Date-gun, Fukushima Prefecture, Japan. The Kuchibuto river is the 
east coast tributary of Abukuma river in the south slope of Kuchibuto mountain which 
is located about 30 km from the 1st nuclear power plant. 
The climate belongs to subtropical warm-marine climate, annual average 
temperature is 9.98 ℃, and the elevation of recharge area is about 670 m. The mean 
annual precipitation in the basin is about 1200 mm. The geology of the basin mainly 
consists of granite. 
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Chapter 3 Methodology 
3.1 Groundwater age dating with CFCs 
The brown glass bottles of 100 ml for sampling CFCs were pre-cleaned by burned at 
450 ℃ for 2 hours to prevent contamination of organic matter. In order to take 
sample from the piezometers, the bottle was set into the water sampler that was an 
air-tight stainless container with a copper inlet and an outlet of nylon tube. the water 
was allowed to flow from the inlet into the bottom of grass bottle and push out of air 
through the outlet before sealing the bottle under water by the cap with Al liner 
(Busenberg and Plummer, 2000; IAEA, 2006). It ensures that the sample is taken 
without contamination by the ambient air. 
The CFCs in water samples was collected and purified by a purge and trap 
extraction system (Busenberg and Plummer, 2000; Oster et al., 1996). Briefly, for 
CFCs, the trap is a 35 cm long, 1/8 Steel Use Stainless (SUS) pipe, filled with Res-sil 
C and Porapak T. Trapping and purging are conducted at -40 ℃ (when the sample is 
bubbled with N2), and 95 ℃ (after bubbled). The purified CFCs are analyzed by a 
gas chromatograph (SHIMAZU, GC-14B) equipped with an electron capture detector 
(ECD) and reported in pmol/kg (or pg/kg) of water. The uncertainties for CFCs 
determinations are approximately 1 % for water equilibrated with the ambient 
atmosphere. With regard to groundwater dating with CFCs, it is assumed that the local 
historical CFCs composition of air is known, which is closely followed by the 
composition of unsaturated zone air. Then, the recharge year can be determined by 
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comparing the calculated partial pressure of CFCs in solubility equilibrium with the 
water sample with historical CFCs concentration in local air (Plummer et al., 2006). 
3.2 Parameters and main ions 
pH, electrical conductivity (EC), Dissolved oxygen (DO), oxidation-reduction 
potential (ORP) and temperature (T) of water samples were measured in site with the 
portable meters (Horiba, Japan). The concentration of HCO3- was titrated by using 
0.01 mol/L dilution hydrochloric acid and titration indicator (1% bromocresol green 
in 95% alcohol and 1% methyl red in 95% alcohol were mixed with the volume ratio 
is 1:1) with 20 mL water sample on site. Sample of Ca2+, K+, Mg2+, Na+, Cl- and 
SO42- was filtrated through a 0.45 μm membrane filter and collected in pre-clean 
plastic bottles (50 ml), then brought back to the laboratory and stored at the 
temperature below 4 ℃  until analysis. Major ions were determined by ion 
chromatography (LC-10AS, Shimadzu, Japan) in Graduate School of Horticulture of 
Chiba University. 
3.3 Fe2+ and dissolved CH4 
Samples for Fe2+ in groundwater were fixed by o-phenanthroline solution without 
filtration on site. The dissolved CH4 samples were collected into 35 ml serum bottles. 
Water was gently added down the side of the bottle so as not to agitate or create 
bubbles, which could strip gases dissolved in the water. The bottle was completely 
filled, and several drops of sterilant were then added to prevent bacterial activities. 
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The bottle was capped and sealed using a gray butyl rubber, Teflon-faced septum and 
aluminum crimp seal. All samples were brought back to the laboratory and stored at 
the temperature below 4 ℃ until analysis. 
  Dissolved CH4 gas determined by headspace method. 10ml pure N2 gas was 
injected to push out an equal volume of water from the bottle. The dissolved CH4 gas 
samples were analyzed by gas chromatography (Shimadzu, GC-14B) equipped with 
flame ionization detection (FID) with a reproducibility of about ±2 %. Fe2+ was 
measured by o-phenanthroline spectrophotometric method with detection limit of 0.03 
mg/l. 
3.4 Environmental isotopes: δ18O and δD 
To determine the sources of water, the isotopic compositions of oxygen (18O) and 
hydrogen (2H) in river water and groundwater were measured with liquid water 
isotope analyzer (DLT-100, USA) at Institute of Geographic Sciences and Natural 
Resources Research, Chinese Academy of Sciences. The results of 18O and D are 
expressed in per mil units as δ-notation relative to Vienna Standard Mean Ocean 
Water (VSMOW) standard, which is showed in equation 3-1.  
δ (‰) = � 𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
− 1� × 1000                     (3-1) 
where Rsample and Rstandard represent the ratio of heavy to light isotopes of the sample 
and standard, respectively. The analytical precisions δ18O and δD were better than 0.2% 
and 0.6%, respectively. 
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3.5 Groundwater mixing models 
Provided the CFCs in groundwater are equilibrium with the air during recharge period, 
the difference in the measured apparent ages estimated by CFCs should be the result 
of the mixture of groundwater in the aquifer. Therefore, it is important to identify the 
water mixing processes in order to get useful information for hydrological 
investigations. The measured concentrations of tracers (CFCs) in the mixture of two 
waters with different ages can be explained by the following equations: 
  [tracer1]mix = (1 − x)[tracer1]z + x[tracer1]y        (3-2) [tracer2]mix = (1 − x)[tracer2]z + x[tracer2]y        (3-3) 
where x (0<x<1) is the fraction of the young groundwater; y is the concentration of 
tracer in the young groundwater; z is the concentration of tracer in the old 
groundwater. Based on the historical concentrations of CFCs in the North atmosphere, 
there should many solutions of probable mixing between old groundwater and young 
groundwater in Equation 1 and 2. It can be summarized as following: 
a) When tracer-free water (before 1940) exists, Equation 3 can be found by 
combination Equation 3-2 and 3-3: 
  [tracer1]mix[tracer2]mix = [tracer1]y[tracer2]y                             (3-4) 
Because it simplifies the way for calculating the age of mixture, it has been used in 
many reported studies (Gooddy et al., 2006; Han et al., 2012; Han et al., 2007). 
Though the quantitative calculation of the mixing fraction can be performed easily in 
the case of binary mixing with one end member being basically tracer free, the binary 
between tracer free water and young water will show deficiency when the 
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concentration of traces in mixed water under the detection limit. 
b) When the groundwater was recharged after 1940s, it is reasonable to consider 
that the most possible end members for mixing in an aquifer are the groundwaters, of 
which the age difference should be the smallest. Therefore, the constraint condition ε 
associated Equation 3-2 and 3-3 is as the following. 
ε = min{|age([trace1]y) − age([tracer2]z)|}     (3-5) 
As usual, the groundwater along the flow path nearby has a similar recharge 
condition and flow pattern in the aquifer. It has been used to for interpretation the 
groundwater flow in the present study. 
3.6 A computer program-PHREEQC 
PHREEQC is based on ion-association aqueous model and has capabilities for (1) 
speciation and saturation-index calculations; (2) batch-reaction and one-dimensional 
(1D) transport calculations involving reversible reactions (aqueous, mineral, gas, 
solid-solution, surface-complexation and ion-exchange equilibrium), and irreversible 
reactions (specified mole transfers of reactants, kinetically controlled reactions, 
mixing of solutions, and temperature changes); and (3) inverse modeling, it is usually 
used to understand a series of minerals and gas mole transfers that account for 
differences in composition between waters, within specified compositional 
uncertainty limits (Parkhurst and Appelo, 1999). In this thesis, speciation, 
saturation-index calculations and mix model were used to simulate chemical reactions 
and mixing processes between waters. 
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Aqueous speciation calculations use a chemical composition for a solution as input 
and calculate the distribution of aqueous species and saturation indices for phases. 
Aqueous speciation calculations used the theories of mole balance for elements or 
element valence states, alkalinity equation, activity of water, phase-equilibrium 
equation, redox couples and ionic strength. 
Inverse modeling tries to determine sets of mole transfers of phases that account for 
changes in water chemistry between one or a mixture of initial water compositions 
and a final water composition. When it was used to determine the mixing fractions 
between surface and ground water, the important concept is the water mole-balance 
equation included in every inverse problem formulation, so the phase with the 
composition H2O is necessary to be considered (Parkhurst and Appelo, 1999). 
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Chapter 4 Effect and process that can 
modify groundwater age based on CFCs 
4.1 Introduction 
Compared with some groundwater dating techniques, CFCs can be determined rapidly 
without sophisticated sampling and analytical instrument. Therefore, it provides a 
cost-effective tool to understand the groundwater flow system. CFC-11, CFC-12 and 
CFC-113 have been successfully used to determine groundwater recharge ages in 
many studies. Relatively good agreement between individual CFC ages (Busenberg 
and Plummer, 1992; Katz et al., 2001b; Katz et al., 1995; Plummer et al., 1998a) and 
ages derived from other tracers, such as 3H/3He and 85Kr has been reported (Plummer 
et al., 1998a; Szabo et al., 1996) in oxic groundwaters. In these studies the essential 
assumption that CFCs are conservative in aquifer systems seems to have been met. 
On the other hand several studies have shown that CFC-11 yields older recharge 
ages than CFC-12 in anoxic aquifers and have suggested that CFC-11 may be 
degraded under anoxic conditions (Cook et al., 1995; Dunkle et al., 1993). Oster et al. 
(1996) have used 3H/3He ages to predict CFC-11 and CFC-12 concentrations in two 
shallow unconfined aquifers in the Rhine Valley. They have shown that CFC-11 and 
CFC-12 are below expected concentrations with CFC-11 degraded at a rate ∼10 times 
faster than CFC-12. Goode et al. (1999) have concluded that CFC-11, CFC-12 and 
CFC-113 were degraded in shallow anoxic groundwater in New Hampshire. More 
recently it has been shown that ages derived from all three CFCs yield consistently 
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older ages than 3H/3He ages in an anoxic aquifer located in Ohio (ROWE and 
STEWART, 1999). These authors speculated that methanogenic microbial 
degradation of the CFCs under anoxic conditions could account for the age 
differences. It has also been shown in laboratory studies that anoxic water saturated 
sediments have the potential to degrade CFC-11, CFC-12 and CFC-113 (Bauer and 
Yavitt, 1996; Lesage et al., 1992; Lovley and Woodward, 1992). 
Based on principles of CFCs dating technique, whether the apparent age 
information can be applied to the water in which the tracers are dissolved depends on 
how completely the tracers are transported with the water. There are many processes 
occuring during recharge and in the groundwater environment that can affect CFCs 
concentrations beyond those set by air-water equilibrium, and consequently affect 
interpretation of apparent age (Plummer and Busenberg, 2000). If these processes are 
not recognized properly, the interpretation of the CFCs age of a water sample will be 
appreciably affected. Although the processes that can affect the interpretation of CFCs 
age have been investigated and quantified to some extent, dominated processes are 
still unclear at the site. The reliable interpretation of groundwater age by CFCs 
depends on the available information that can help characterize the geochemical and 
hydrological environment in field. In general, the concentrations of CFCs can be 
affected by recharge temperature, recharge elevation, thickness of unsaturated zone 
(＞10 m), urban air, contamination, microbial degradation, adsorption or diffusion in 
groundwater, groundwater mixtures and hydrodynamic dispersion in the aquifers 
(Plummer and Busenberg, 2000). Depending on whether the recharge temperature, 
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excess air and recharge elevation is underestimated or overestimated, the resulting 
apparent age can be biased either young or old. The addition of anthropogenic sources 
of CFCs, concentrations greater than that expected for equilibrium with regional air 
composition, leads to a young bias in apparent age. Processes that remove CFCs or 
lower their concentration in groundwater, such as microbial degradation, sorption, 
mixing with old water, thickness of unsaturated zone (＞10 m), matrix diffusion and 
some cases of hydrodynamic dispersion, can lead to an old bias in the apparent age 
(Plummer and Busenberg, 2000). Compared with the karst aquifer and hard-rock 
aquifer, the homogeneous aquifer is in headwater wetland where is typically highly 
productive ecosystems with soils containing high levels of labile organic matter 
(Kadlec and Wallace, 2008; Nguyen, 2000). When groundwater moves through 
wetlands, aerobic condition in shallow groundwater could easily become anoxic 
condition because of the consumption of the available oxygen during decomposition 
processes (Seitzinger, 1994). Therefore, the groundwater in the homogeneous wetland 
aquifer should be more anoxic than those in other aquifers. Though CFCs are useful 
tracers in hydrological cycle and can also provide valuable information to estimate 
groundwater age in watersheds, its use in wetland is still uncertain because of the 
critical effect of anoxic environment on CFCs in the groundwater.  
Therefore, the scope of this chapter is to assess the anoxic processes that can 
modify the concentration of CFCs which will result in the changing of CFC apparent 
age of groundwater in humid region. 
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4.2 Site description and method 
4.2.1 Site description 
 
Figure 4-1 Location of sampling sites in artificial wetland catchment of Ichikawa 
City. 
The headwater wetland (35.76 ºN,139.97 ºE) in Ichikawa City, Chiba Prefecture, 
Japan was selected as the study area (Figure 4-1). The mean annual temperature is 
14.8 ℃, and the mean annual precipitation is about 1313.8 mm. The land use was the 
paddy field about 30 years ago and it has been redeveloped to a wetland park since 
then. Pear plantation is prevailing in the upland where much manure is applied. 
Elevations of upland and wetland are about 30 m and 12 m, respectively. The upland 
is covered by Kanto loam (4 m in thick). The underlain strata are Joso clay layer (2 m 
in thick) and Narita sand layer (22 m thick) in sequence. Narita sand layer extends to 
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the wetland as the major aquifer in the study area. A thin layer of cohesive soil and 
sandy clay covers the wetland surface. 
The water table in the upland is around 8 m. The springs and upward groundwater 
recharge the river flowing through the wetland valley. Observation sites of R2, S6 and, 
S15 are located at the middle and at the two sides of wetland valley, respectively. 
Piezometers were set at the depths of 1 m, 2 m and 3 m at each site. 
4.2.2 Method 
4.2.2.1 Sampling 
Groundwater samples were collected from the piezometers in March, 2011. Initially, 
whole water in the piezometer was withdrawn out to let fresh groundwater flow in. 
The pH, electrical conductivity (EC), oxidation-reduction potential (ORP), dissolved 
oxygen (DO) and temperature of the water samples were measured with portable 
meters (HORIBA) at sampling site. Four samples were taken at each piezometer after 
the recovery of water level. Water samples for major ions analysis were initially 
filtrated through a 0.45 μm membrane filter and then collected in a pre-clean 15 ml 
plastic bottle, and stored at 4 ℃ until analysis. For the analysis of dissolved methane, 
a pre-cleaned 25ml glass vial was filled with unfiltered water, capped under water, 
and preserved by adding a drop of bactericide at the sampling site and kept chilled 
with ice until delivered to the laboratory. In order to analyze Fe2+ in the groundwater, 
unfiltered fresh water was taken into a pre-clean 100 ml plastic bottle and then 1 ml 
o-phenanthroline solution was added before sealing the bottle at site. 
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The brown glass bottles of 100 ml were pre-cleaned by burning at 450 ℃ for 2 
hours to prevent contamination and then used for sampling CFCs. In order to take 
sample from the piezometers, the bottles were set into the water sampler that was an 
air-tight stainless container with a copper inlet and an outlet of nylon tube. The 
sampler was set at the bottom of piezometer, the fresh groundwater was allowed to 
flow gently from the inlet into the bottom of grass bottle and push out of air through 
the outlet before sealing the bottle under water by the cap with Al liner (Busenberg 
and Plummer, 2000; IAEA, 2006). It ensured the sample was taken without 
contamination by the ambient air. 
4.2.2.2 Analytical techniques 
All water samples were analyzed in the Laboratory of Graduate School of 
Horticulture, Chiba University. Blanks and appropriate certified standard reference 
materials were analyzed as unknowns. Major ions were determined by ion 
chromatography (LC-10AS, Shimazu) Methane gas was measured by a gas 
chromatography (GC-14B, Shimadzu) equipped with a flame ionization detector 
(FID) with a reproducibility of about ±2 %. Fe2+ was measured by spectrophotometer 
(TU1810, Beijing Tuopu Instrument Co., Ltd.) according to o-phenanthroline 
spectrophotometric method with detection limit of 0.03 mg/l. 
The CFCs in water samples was collected and purified by a purge and trap 
extraction system (Bullister and Weiss, 1988; Oster et al., 1996). The CFCs analytical 
system was composed mainly of devices of purging, trapping and analyzing. In the 
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system, the ultra-pure N2 was used as purging and carrier gas. To avoid contamination 
and to reduce noise of system background, all devices were made without any plastics, 
and the valves were in purge housings flushed with carrier gas. Firstly, the sample 
was introduced into a stripping chamber, and the CFCs were purged with ultrapure N2 
and quantitatively collected in a trap (A 35 cm long, 1/8 Steel Use Stainless (SUS) 
pipe, filled with Res-sil C and Porapak T) cooled at -40 ℃ by a refrigerant mixture 
of methanol and dry ice. Then the trap should be heated to 95 ℃ in the hot water to 
let the CFCs be injected into the gas chromatography through pre-column and 
analytical column in sequence by carrier gas. CFCs can be separated from other 
halocarbons in the pre-column. After CFCs entered the analytical column, the 
pre-column was back flushed to remove all other highly retentive halocarbons. The 
purified CFCs are analyzed by a gas chromatograph (GC-14B, Shimadzu) equipped 
with an electron capture detector (ECD). After analysis has been completed, the water 
sample is drained into a pre-weighed beaker and then weighed for the calculation of 
CFCs concentration which is reported in pmol/kg of water. The uncertainties for 
CFCs determinations are approximately 1 % for water equilibrated with the ambient 
atmosphere.  
4.2.2.3 Groundwater dating based on CFCs 
With regard to groundwater dating with CFCs, it is assumed that the local historical 
CFCs composition of air is known, which is closely followed by the composition of 
unsaturated zone air. Then, the recharge year can be determined by comparing the 
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calculated partial pressure of CFCs in solubility equilibrium of the water sample with 
historical CFCs concentration in local air (Plummer et al., 2006). Also, the CFCs 
age-dating technique assumed that CFCs concentrations in the aquifer have not been 
altered by biological, geochemical, or hydrologic processes. CFCs apparent ages of 
groundwater are determined on the basis of the equilibrium partitioning between 
recharging ground water and the partial pressures of CFC-11 (CCl3F), CFC-12 
(CCl2F2) and CFC-113 (C2Cl3F3) in the troposphere or soil atmosphere. Therefore, 
concentration of CFCs in groundwater is the function of atmospheric partial pressures 
and temperature during recharge. An apparent age of the sampled water is determined 
from a comparison of the partial pressure of each CFCs compounds in the sample, 
calculated from its measured concentration using solubility data for each compound, 
with the record of atmospheric partial pressures over North America at different times. 
Concentrations of the three CFCs compounds ideally provide three independent ages, 
which can be used as a cross-check on the sampling and analytical methods. 
Groundwater dating with CFCs is based on Henry's law solubility. That is, the 
concentration of the gas dissolved in water in equilibrium with air is proportional to 
the partial pressure (pi) of the gas in air. pi =  xi�P − pH2O�       (4-1) 
where xi is the dry air mole fraction of the CFCs (xi << 1); P is the total atmospheric 
pressure and pH2O is the water vapor pressure. For an ideal gas, the dry air mole 
fraction is replaced with the air mixing ratio. Henry's law then gives the CFCs 
solubility in water (Ci). 
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Ci = KHi × pi              (4-2) 
where KHi is the Henry's law coefficient for the ith CFC, which in pure water and sea 
water have been determined at 1013.25 hPa total pressure over a range of salinities 
and temperatures (Bu and Warner, 1995; Warner and Weiss, 1985). The dry air 
mixing ratio for the particular CFCs (xi) is then compared to the appropriate historical 
atmospheric mixing ratio to determine recharge year. 
4.3 Result 
4.3.1 Water flow within the wetland 
 
Figure 4-2 The characteristics of hydraulic head of S6, R2 and S15 in the wetland. 
Groundwater plays a key role in maintaining wetland ecosystem. Therefore, 
characteristic of groundwater flow system is very important for studies in the wetland 
basin. As a whole, the water table of groundwater in piezometers changed little during 
the study period. The hydraulic heads of groundwater at three sites (S6, R2 and S15) 
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increased from 1 to 3 m (Figure 4-2), indicating that groundwater was upward in the 
studied wetland. According to the landform of the valley, groundwater should flow 
out as springs at the slope foot adjacent to the wetland, or seep directly at the wetland 
surface, indicating that the wetland was maintained by groundwater or spring. 
4.3.2 The parameters of groundwater in piezometers 
The pH and EC ranged from 6.48 to 7.72, and from 235 to 981 μS/cm, with the 
average of 7.36 and 470 μS/cm respectively. DO varied from 0.13 to 4.45 mg/l with a 
mean value of 2.00 mg/l (Table 4-1). Denitrification was prevailing in the wetland 
aquifers after the DO content was at a low level. As a result, NO3- concentration 
varied highly from the undetectable to 5.75mmol/l, depending on the reduction 
condition for denitification in the wetland. The concentrations of SO42- and Fe2+ in 
groundwater ranged from undetectable to 0.31 mmol/l, and from undetectable to 
42.14 μmol/l, respectively. CH4 was also detected in a range from undetectable to 
0.32 mmol/l because of development of reducing condition in the wetland.  
Spatially, the characteristics of groundwater parameters at the valley side (S6 and 
S15) were different from that in the middle part (R2) of the wetland. At the valley side, 
the values of pH, DO and ORP ranged from 6.48 to 7.25, from 1.67 to 4.45 mg/l and 
from 86 to 198 mV, respectively. The concentrations of NO3- and SO42- varied from 
0.26 to 5.75 mmol/l and from 0.01 to 0.12 mmol/l, respectively. Fe2+ and CH4 were 
not detectable from the piezometers at valley sides. 
In the middle part of the wetland (R2), the values of pH, DO and ORP ranged from 
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7.15 to 7.72, from 0.13 to 0.68 mg/l and from -26 to -244 mV, respectively. The 
concentrations of NO3- and SO42- ranged 0-0.01 and 0.01-0.31 mmol/l, respectively. 
Fe2+ of groundwater ranged from the undetectable to 42.14 μmol/l. The dissolved CH4 
of groundwater ranged from the undetectable to 0.32 mmol/l.  
Table 4-1 Parameters in groundwater of piezometers at R2, S6 and S15 in the wetland. 
ID pH EC (uS/cm) DO (mg/l) ORP (mv) 
R2-1m 7.15 264 0.14 -26 
R2-2m 7.47 260 0.13 -189 
R2-3m 7.72 248 0.68 -244 
S6-1m 7.25 299 3.30 86 
S6-2m 6.60 765 2.00 185 
S6-3m 6.48 981 1.67 198 
S15-1m 7.01 235 4.45 172 
S15-2m 6.78 681 2.42 169 
S15-3m 6.86 495 3.25 176 
4.3.3 CFCs apparent age of groundwater 
To determine groundwater age, it is necessary to estimate recharge temperature and 
elevation. The groundwater of studied wetland is recharged by the precipitation 
available in the upland. The upland elevation of 30 m above sea level was used to 
estimate the change of total atmospheric pressure (P) in the recharge area. In this 
study, the mean annual air temperature of 14.8 ℃ was assumed as the recharge 
temperature (Han et al., 2012; Liu et al., 2012). Accordingly, the apparent 
groundwater age based on the analyzed data of CFC-11, CFC-12 and CFC-113 were 
shown in Table 4-2. 
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Table 4-2 Calculated atmospheric mixing ratio of CFC-11, CFC-12 and CFC-113; 
piston-flow model recharge year and ages for sampled groundwater; and the estimated 
ages of different groundwater. 
ID 
Calculated atmospheric 
   
Piston-flow model 
  
Piston-flow model age 
 
Estim
ated 
age 
(yrs) 
CFC-11 CFC-12 
CFC-11
3 
CFC
-11 
CFC
-12 
CFC-1
13 
CFC
-11 
CFC
-12 
CFC-
113 
R2-1
 
8.75 8.35 0 19
 
19
 
Pre-
 
52.5 60.5 ＞60 - 
R2-2
 
10.41 171.6
 
17.04 19
 
19
 
197
 
51 39 33.5 39 
R2-3
 
9.6 182.4
 
5.66 19
 
19
 
196
 
51.5 38 41.5 38 
S6-1
 
31.54 160.0
 
7.56 19
 
19
 
197
 
45 39.5 39 39 
S6-2
 
5.46 169.4
 
6.22 19
 
19
 
197
 
54.5 39 40.5 39 
S6-3
 
52.74 135.7
 
19.41 19
 
19
 
197
 
42 41 32.5 43.5 
S15-
 
80.24 109.2
 
22.28 19
 
19
 
197
 
39 42.5 31.5 39-43.
 S15-
 
14.89 54.77 32.02 19
 
19
 
198
 
49 48 28.5 39-43.
 S15-
 
90.49 146.7
 
13.66 19
 
19
 
197
 
38 40 35 40 
 
The apparent groundwater ages by CFC-11, CFC-12 and CFC-113 at R2 were 
ranging from 1958.5 to 1960, from 1950.5 to 1973 and from 1943 to 1977.5 
respectively. At the two sides of the wetland valley, the apparent groundwater ages by 
CFC-11, CFC-12 and CFC-113 were varied from 1956.5 to 1973, from 1963 to 1971 
and from 1970 to 1982, respectively. Obviously, the apparent groundwater age in the 
middle part of the wetland was older than those at the valley sides. Averagely, the 
groundwater age in the depth of 1 m was older than that in the below depth. However, 
the apparent groundwater ages were different with the different species of CFCs in the 
study area. Therefore, more attentions should be paid on the environment conditions 
of wetland and the way to estimate the groundwater age by CFCs, which would be 
discussed below. 
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4.4 Discussions 
As mentioned in the part of results, the groundwater was recharged by the 
precipitation in the upland around the wetland valley. Therefore, the upland elevation 
of 30 m was used as the recharge elevation of groundwater in the wetland. Where the 
unsaturated zone is more than a few meters thick, the variation of recharge 
temperature is usually within about 1 ℃ comparing with the mean annual air 
temperature (Andrews and Lee, 1979; Herzberg and Mazor, 1979; Mazor, 1972; Toy 
and MUNSON, 1978; Vogel and Talma, 1981). Consequently, the mean annual air 
temperature (14.8 ℃) is reasonable as the air–water equilibrium temperature for 
calculating CFCs age in the study area. In spite of the change of land use in last 
several decades, there has not been industrialization in the study area. As a result, the 
concentrations of CFCs are in the normal level without the effects of extra 
anthropogenic sources. 
The water table is as shallow as 8 m where the strata are mainly composed of 
Narita sand layer. Consequently, there should be little effect of sorption, matrix 
diffusion, and hydrodynamic dispersion in the unsaturated zone on the concentrations 
of CFCs in groundwater (IAEA, 2006). Therefore, the microbial degradation is 
critical factor for assessing groundwater dating in the wetland. 
Under aerobic conditions, the apparent ages estimated by CFC-11, CFC-12 and 
CFC-113 demonstrate agreement with each other, and match well with data by other 
environmental tracers (Dunkle et al., 1993; Katz et al., 1995; Plummer et al., 1998a; 
Szabo et al., 1996). Although CFC-11, CFC-12 and CFC-113 may be considered 
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essentially stable under aerobic conditions (Lovley and Woodward, 1992; Rowland 
and Molina, 1975), they are subject to degradation processes under anaerobic 
conditions (Khalil and Rasmussen, 1989; Lovley and Woodward, 1992; Semprini et 
al., 1992). It is well known that reductive status can proceed because of microbial 
degradation in the wetland environment. 
The effect of reductive condition on CFCs is discussed consequently. Field and 
laboratory studies have shown that CFC-11 is the most degradable among the three 
CFCs (CFC-12, CFC-11 and CFC-113). Cook et al. (1995) demonstrated that CFC-11 
was degraded completely but CFC-12 was still stable in a sulfate reducing sand 
aquifer near Sturgeon Falls, Ontario, Canada. Under methanogenic condition, CFC-11 
was degraded with an average rate nearly 37-fold. Although CFC-12 and CFC-113 
also decomposed under methanogenic condition, the degradation rate of CFC-12 and 
CFC-113 are more slowly than that of CFC-11. 
In the viewpoint of reduction status proceeding in the wetland, there are 
denitrifying condition, sulfidogenic condition and methanogenic condition. In general, 
when denitrification takes place in the aquifer, CFC-12 and CFC-113 apparent ages 
can be identical and younger than CFC-11 apparent age because of the partially 
degradation of CFC-11. Under sulfidogenic condition, CFC-11 is highly degraded, 
CFC-113 begins to decompose and CFC-12 is still stable. As a result, CFC-113 
apparent age can be a few years older than CFC-12 under sulfidogenic condition. If 
methanogenic condition is present in the aquifer, CFCs will not be suitable for 
groundwater dating because all of them can be degraded in most methanogenic 
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environments (Happell et al., 2003; Horneman et al., 2008; Plummer and Busenberg, 
2000). 
 
Figure 4-3 The concentration of NO3- and Fe2+ in groundwater of S6 and S15. 
In the wetland, it is obviously that the NO3- is decreasing in the upward 
groundwater, and Fe2+ is undetectable in all groundwaters at S6 and S15 (Figure 4-3). 
Additionally, the ORP of groundwater at S6 and S15 are below 200 mV. NO3- is 
undetectable in the aquifer at R2 where SO42- is decreasing. Meanwhile, both of Fe2+ 
and CH4 increase with the upward groundwater from 3 to 1 m in depth (Figure 4-4). 
Based on the classification of redox condition (Appelo and Postma, 2005; Berner, 
1981), the groundwater in piezometers at S6 and S15 is under denitrifying condition. 
Correspondingly, CFC-11 apparent ages of groundwater at S6 and S15 are older than 
those of CFC-12 and CFC-113, indicating that CFC-11 cannot be used for 
groundwater dating because of the degradation in the wetland aquifer (Figure 4-5). 
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Instead, CFC-12 and CFC-113 can be used for groundwater dating at S6 and S15. 
Correspondingly, the sulfidogenic condition and/or methanogenic condition which are 
prevailing in the aquifers at R2 are more reductive than the denitrifying condition. 
CFC-11 at R2 is also not suitable for groundwater dating with the apparent age of 
CFC-11 older than those of CFC-12 and CFC-113 (Figure 4-6). Comparing with the 
groundwater in the depths of 2 and 3 m, the apparent ages of CFC-12 and CFC-113 of 
groundwater in the depth of 1m are much older (Figure 4-6), where CH4 
concentration is highest in groundwater at R2 (Figure 4-4). Based on the principles of 
CFCs dating, the old CFCs apparent ages indicate the low concentration of CFCs in 
the groundwater under the given recharge temperature. The obviously lower 
concentration of CFC-12 and CFC-113 in groundwater of 1 m in depth can be 
attributed to the degradation of CFCs in groundwater undergoing methanogenic 
environment. Therefore, all CFCs in groundwater from the 1 m depth piezometer at 
R2 cannot be used for groundwater dating. Since groundwater of piezometers in 2 and 
3 m is under the sulfidogenic condition, CFC-12 rather than CFC-113 is stable enough 
for groundwater dating. 
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Figure 4-4The distribution of redox species (SO42-, Fe2+ and CH4) in groundwater of 
1 m, 2 m and 3 m at R2. 
 
Figure 4-5 The calculated groundwater age based on CFCs at S6 and S15. 
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Figure 4-6 The characteristic of calculated groundwater ages based on CFC-12 and 
CFC-113 in middle of wetland (R2). 
As a whole, in terms of groundwater dating, CFC-11 is unsuitable in the study 
area where groundwater is undergoing reduction environment from denitrifying 
condition to methanogenic condition, CFC-113 can work at S6 and S15 where 
groundwater is under denitrifying condition, and CFC-12 is useful in all points except 
for the 1 m depth piezometer at R2 where groundwater is under methanogenic 
condition. 
4.5 Conclusion 
Generally, redox condition and mixing are the most important factors to estimate 
applicability of groundwater dating with CFCs in the wetland environment. Based on 
the spatial distribution of NO3-, ORP, Fe2+, SO42- and dissolved CH4 in the wetland, 
there were reduction status for denitrification, sulfate reduction and methanogen in 
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terms of CFCs degradation. It was found that denitrification environment was 
prevailing in groundwater at S6 and S15, sulfate reducing environment in the 
groundwater deeper than 2 m at R2 and methanogenic environment at the layer of 1 m 
in depth at R2. Therefore, CFC-11 is not suitable for groundwater dating because of 
biodegradation. CFC-12 is effective for the groundwater daing in the wetland except 
the layer 1 m in depth at R2 where methanogenic condition is prevailing. CFC-113 is 
only useful for groundwater dating at S6 and S15 because of the unstability under 
sulfidogenic and/or methanogenic conditions at R2. 
 

 49 
 
Chapter 5 Hydrogeological processes in 
homogeneous wetland aquifer 
5.1 Introduction 
Wetlands play important roles in regional hydrology. In those catchments with 
intensive land use, they perform a key function in hydrological regulation and mass 
cycling. In recent decades, there have been many studies on the ecological values of 
natural wetlands and many protection measures have been proposed. The ecological 
functions of semi-natural wetlands are, however, often ignored. People have used 
these semi-natural wetlands for many centuries in the development of civilization and 
the most important is water use. 
As transitional zones between land and water, wetlands provide a natural protection 
against extreme floods and storm surges. They may also store freshwater to be used 
for drinking-water preparation or for irrigation. Wetlands bordering streams, rivers 
and lakes have a water quality enhancement function that is increasingly recognized. 
The role of wetlands in river and lake catchments in enhancing water quality is well 
established. A recent review gives a global perspective of this ecosystem service in 
areas of the world with high intensity of agricultural use (Verhoeven et al., 2006).  
As the economy develops, nitrate (NO3) is found naturally at moderate 
concentrations in many aquatic environments, but is often enriched to high levels by 
anthropogenic activities involving nitrogenous compounds such as mineral fertilizer 
and by-products of organic compounds from agriculture, septic systems, and poultry, 
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hog or cattle manure (Choi et al., 2002; McLay et al., 2001; Spalding and Exner, 
1993). In spite of the increasing efforts to reduce NO3 inputs from intensive 
agriculture, NO3 is still one of the major contaminants of groundwater resources. 
With the purification function, riparian wetlands bordering lower-order streams have 
a great potential to remove nutrients and pollutants from through-flowing water. 
Nitrate in surface and subsurface runoff from agricultural fields and pastures, when 
exposed to superficial soil layers in the riparian zone, is transferred to gaseous 
nitrogen species and emitted to the atmosphere. 
In these processes, the characteristics of groundwater flow (or hydrological cycle) 
seem to be very important, which is the carrier of the dissolved contents. In the study 
of hydrological cycle, the groundwater age is a key factor for understanding the 
groundwater flow in the temporal perspective. In dating groundwater with 
environmental tracers, it is assumed that the aquifer records a history of the tracer 
concentration recharged over the timescale investigated. Similarly, other substances 
recharged may also be archived in the groundwater reservoir. When the mixing 
effects of dispersion are low and transport of the solute is not retarded, a history of 
solute loading to the aquifer can be reconstructed by measuring solute concentration 
in dated samples. Groundwater systems are likely to hold valuable records of past 
environmental change that occurred in recharge areas of the aquifer over periods that 
are otherwise unobtainable. Groundwater dating permits the retrieval of 
environmental records from aquifers only over the timescale valid for the particular 
tracer. Because of their relatively short (recent) timescale, CFCs are particularly well 
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suited for retrieving records of human impacts on aquifers.  
Therefore, the scopes of this chapter are 1) to estimate the apparent age of 
groundwater by a binary mixing model; 2) to assess the characteristics of hydrological 
cycle based on the CFC apparent age of groundwater; 3) to understand the 
geochemical evolution of groundwater in the wetland basin. 
5.2 Site description and method 
5.2.1 Site description 
Site description and the state conditions of the headwater of wetland in Ichikawa City 
are shown in Chapter 4.2.1 (Figure 5-1). 
 
Figure 5-1 Location of sampling sites in artificial wetland catchment of Ichikawa 
City. 
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5.2.2 Method 
5.2.2.1 Binary mixture based on CFCs 
Provided the CFCs in groundwater are equilibrium with the air during recharge period, 
the difference in the measured apparent ages estimated by CFCs should be the result 
of the mixture of groundwater in the aquifer. Therefore, it is important to identify the 
water mixing processes in order to get useful information for hydrological 
investigations. The measured concentrations of tracers (CFCs) in the mixture of two 
waters with different ages can be explained by the following equations: 
  [tracer1]mix = (1 − x)[tracer1]z + x[tracer1]y        (5-1) [tracer2]mix = (1 − x)[tracer2]z + x[tracer2]y        (5-2) 
where x (0<x<1) is the fraction of the young groundwater; y is the concentration of 
tracer in the young groundwater; z is the concentration of tracer in the old 
groundwater. Based on the historical concentrations of CFCs in the North atmosphere, 
there should many solutions of probable mixing between old groundwater and young 
groundwater in Equation 1 and 2. It can be summarized as following: 
a) When tracer-free water (before 1940) exists, Equation 3 can be found by 
combination Equation 1 and 2: 
  [tracer1]mix[tracer2]mix = [tracer1]y[tracer2]y                            (5-3) 
Because it simplifies the way for calculating the age of mixture, it has been used in 
many reported studies (Gooddy et al., 2006; Han et al., 2012; Han et al., 2007). 
Though the quantitative calculation of the mixing fraction can be performed easily in 
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the case of binary mixing with one end member being basically tracer free, the binary 
between tracer free water and young water will show deficiency when the 
concentration of traces in mixed water under the detection limit. 
b) When the groundwater was recharged after 1940s, it is reasonable to consider 
that the most possible end members for mixing in an aquifer are the groundwaters, of 
which the age difference should be the smallest. Therefore, the constraint condition ε 
associated Equation 5-1 and Equation 5-2 is as the following. 
ε = min{|age([trace1]y) − age([tracer2]z)|}            (5-4) 
As usual, the groundwater along the flow path nearby has a similar recharge 
condition and flow pattern in the aquifer. It has been used to for interpretation the 
groundwater flow in the present study. 
5.2.2.2 Observation, sampling, analytical techniques 
From March, 2010 to February, the runoff is determined at the outlet of the basin (R7) 
by determining the flow velocity and the cross-sectional area of the river monthly. 
The porosity and water content of soil in the basin is also determined vertically. The 
water table in the recharge area (the upland around the wetland valley) is measured by 
the water level gage. 
Water samples were collected in Jan, 2011. The methods for sampling, parameters 
monitoring, analytical techniques of major ions and CFCs of waters and age dating 
method with CFCs were presented in 4.2.2. 
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5.2.2.3 The calculation of evaporation--Thornthwaite method 
The Thornthwaite method (Thornthwaite, 1948) is used in humid regions where air 
temperature is the only input data. The Thornthwaite monthly ETo is determined with 
the equation proposed by Thornthwaite (1948) for a standard month of 30 days and 
days with 12 h photoperiod, by using the monthly mean temperature in ℃ as 
follows: 
𝐸𝑇𝑀 = 16 (10 𝑇𝐼)𝑅     0 ℃ ≦ T ≦ 26  ℃                         (5-5) I =  ∑ (0.2𝑇)1.51412n=1       𝑇 ﹥0 ℃                               (5-6) a = 6.75 ×  10−7I3 − 7.71 ×  10−5I2 + 1.7912 × 10−2I + 0.49239   (5-7) 
where ETM in the monthly ETo in mm mon-1; I is the thermal index; a is the exponent 
of Equation (5-5) given by Equation (5-6) and T is the monthly mean temperature 
in ℃. 
5.3 Result 
5.3.1 Water flow within the wetland 
Water flow within the wetland was shown in 4.3.1. 
5.3.2 CFCs apparent age of groundwater 
CFCs apparent age of groundwater was shown in 4.3.3. 
5.3.3 The evaporation and rainfall during 33 years 
Based on the basis data of the Japan Meteorological Agency, the evaporation of every 
month during 33 years (1978-2010) was calculated using Thornthwaite method in the 
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study area. The evaporation is ranged from 669.32 to 772.78 mm with the average 
value of 71.17 mm. The mean annual average value of rainfall is 1335.56 mm. 
5.3.4 The characteristics of outflow and the rainfall in the 
investigated year 
Recharge and discharge data are available in the investigated year (2010.3-2011.2). 
During the investigated hydrological year, outflow was observed at the outlet of the 
basin (R7) monthly. The characteristic between precipitation and runoff was presented 
in Figure 5-2. The quick response can be observed from January to August. However, 
response is slow from September to December. Connection between precipitation and 
runoff was dominated by the intensity of rainfall and the infiltration capacity of the 
soil and/or stratum. Consequently, the poor relationship between rainfall 
characteristics and discharge existed, which can be explained by the complexity of the 
hydrological processes.  
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Figure 5-2 Monthly rainfall and discharge during the investigated year in the wetland 
basin. 
5.3.5 The characteristics of groundwater geochemistry 
The water chemical parameters and concentration of major ions were listed in Table 
5-1. It was found that the pH values of water in the study area ranged from 6.25 to 
7.75 with the average value of 6.79. The DO and ORP ranged 2.37-8.53 mg/l and 
36-304 mv with average value of 5.32 mg/l and 171 mv. The value of EC ranged 
202-531 µS/cm with average value 346 µS/cm. Ca2+ and Mg2+ accounted for 64 % to 
79 % of the total cations in the water. The concentrations of Ca2+ and Mg2+ were 
ranging from 0.69 to 1.19 mmol/l and from 0.21 to 1.71 mmol/l.  
At the two sides of the wetland valley (S6 and S15), the DO and ORP ranged 
6.51-8.24 mg/l  and 207-258 mv. The value of EC ranged 395-531 µS/cm with 
average value 473 µS/cm. The concentrations of HCO3− and NO3- were the most 
abundant anion and accounted about 70 % to 81 % of anions. The concentration of 
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NO3- was changing from 2.55 to 3.60 mmol/l. The water type belongs to the 
Ca-Mg-NO3-HCO3 type.  
However, in the middle of the wetland valley (R2 and R4), the DO and ORP ranged 
2.37-3.27 mg/l and 36-163 mv. The value of EC ranged 202-316 µS/cm with average 
value 254 µS/cm. The concentration of NO3- was changing from 0.00 to 0.18 mmol/l. 
The water type belongs to the Ca-Mg-HCO3 type. 
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Table 5-1 Basic parameters and the concentration of major ions in groundwater of the basin. 
ID pH 
ORP 
(mv) DO (mg/l) 
EC 
(μS/cm) 
Na+ 
(mmol/l) 
K+ 
(mmol/l) 
Ca2+ 
(mmol/l) 
Mg2+ 
(mmol/l) 
HCO3- 
(mmol/l) 
Cl- 
(mmol/l) 
NO3- 
(mmol/l) 
SO42- 
(mmol/l) 
S6-1 6.25  252 5.64  319 0.51 0.02 0.69 0.99 1.08 0.79 1.56 0.10 
S6-2 6.44  258 8.24  512 0.82 0.04 1.18 1.71 1.20 0.97 3.60 0.29 
S6-3 6.59  251 8.00  531 0.82 0.03 1.14 1.65 1.34 0.79 3.37 0.32 
S15-1 6.56  215 7.31  395 0.67 0.03 1.11 1.08 0.98 1.47 2.55 0.01 
S15-2 6.38  215 7.47  479 0.70 0.03 1.19 1.27 0.94 1.14 3.44 0.02 
S15-3 6.55  207 6.51  449 0.55 0.01 1.01 1.09 1.00 0.96 3.04 0.00 
R2-1 6.77  56 2.37  202 0.39 0.01 0.84 0.21 1.58 0.84 0.00 0.08 
R2-2 7.41  36 2.45  226 0.40 0.04 1.04 0.21 1.48 0.85 0.03 0.29 
R2-3 7.75  106 3.10  232 0.40 0.04 1.06 0.22 1.34 0.85 0.18 0.25 
R4-1 6.59  47 3.27  278 0.50 0.02 0.77 0.90 3.04 0.81 0.04 0.01 
R4-2 6.84  112 3.23  270 0.53 0.02 0.91 0.95 3.06 0.86 0.03 0.12 
R4-3 6.95  163 2.98  316 0.52 0.03 1.01 1.02 2.82 0.83 0.02 0.43 
Well-8m 7.15  304 8.53  288 0.68 0.08 0.69 0.66 0.98 0.30 1.34 0.37 
 
 59 
 
5.4 Discussions 
5.4.1 Mixing between young and old groundwater 
Groundwater pumped from a well or discharging from a spring may be a mixture of 
the different waters reaching the sampling point. Piston flow, exponential mixing, 
exponential piston-flow, and binary mixing are hypothetical models that can be used 
to describe the variation in groundwater mixtures (Cook and Böhlke, 2000). If water 
reaching a well or discharging at a spring is nearly uniform residence time as if the 
water flowed through a pipe from recharge area to discharge area without mixing 
during transit, it can be considered as piston-flow model (PFM). Exponential mixing 
model (EMM) can be described as discharge of water from well-mixed reservoirs, 
such as discharge from an unconfined aquifer receiving uniform areal recharge 
(Małoszewski et al., 1983; Małoszewski and Zuber, 1982). The exponential 
piston-flow model (EPM) can be used to describe an aquifer has two segments of flow 
that a segment of exponential flow followed by a segment of piston-flow, or 
piston-flow transport within the unsaturated zone followed by exponential mixing 
(Jurgens et al.). 
Binary mixing model (BMM) is one of the simplest mixing models to dealing with 
the mixing processes between young water and old water. If the old fraction is free of 
CFCs, and no other processes affect their concentrations other than air-water 
equilibrium, the ratio CFC-113/CFC-12 may be proved useful in dating mixtures of 
young and old water. Once the age of the young fraction is determined, the proportion 
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of young water in the mixture can be determined from the ratio of the tracer 
concentration of the sample to the concentration expected for an unmixed sample of 
age corresponding to the young-fraction age. 
 
Figure 5-3 Relation between CFC-12 and CFC-113 mixing ratio in air (pptv) of age 
dating tracers in the study area.  
In Figure 5-3, Plots are shown as curves corresponding to different groundwater 
mixing models: 1) Solid line indicates compositions of discrete water parcels with 
single ages (corresponds to the piston flow model); 2) Grey line indicates 
compositions of mixtures with exponential age distributions (exponential mixing 
model); 3) Long-short dashed line indicates an aquifer that has two segments of flow 
in series: a segment of exponential flow followed by a segment of piston-flow 
(exponential piston-flow model). 4) Dashed lines indicate maximum boundaries of 
probable binary mixtures between young water and old water (binary mixing model). 
The area bounded by PFM and BMM is defined as zone A. As a result, the zones of A, 
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B, C, D, E and F represent the processes of binary mixing or piston flow in zone A, 
most likely CFC-113 contamination in zone B, CFC-12 contamination or CFC-113 
sorption/degradation in zone C, CFC-113 contamination in zone D, CFC-12 
contamination in zone E, and CFC-113 and CFC-12 contamination in zone F, 
respectively (IAEA, 2006). If no other processes affected, measured values for water 
samples will plot within the zone A, where the curves represent the different 
concentrations of the modeled tracers. A water sample that is not a mixture should 
plot along the piston flow (solid) curve for two tracers at points corresponding to the 
single age of the water. Samples in zone A that do not plot on the piston-flow curves 
are more likely to represent mixtures. An exponential mixture and exponential 
piston-flow model should plot somewhere along homologous curves at points 
corresponding to a single mean age. Binary mixtures could plot almost anywhere 
within the zone A depending on the ages of the end members. 
It is obvious that groundwater in the depth of 3 m at both S6 and S15 are probable 
a mixture of groundwaters that is reasonable to be explained by binary mixing flow 
model, because the data plot away from exponential mixture curve and exponential 
piston-flow curve (Figure 5-3). The groundwaters shallower than 2 m at S6 can be 
considered as piston flow since the data are on or close to the curve of PFM. However, 
the data of groundwater shallower than 2 m at S15 fall in the zone B. The higher 
concentration of CFC-113 or lower concentration of CFC-12 can be attributed to the 
contamination of CFC-113 or the degradation of CFC-12. Because CFC-12 can’t be 
degraded under denitrifying condition in groundwater, it is reasonably due to the 
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contamination of CFC-113. When the calculated CFC partial pressures exceed the 
maximum mixing ratios observed in the atmosphere, significant contamination with 
respect to one or more CFCs will be evident (zone F). However, there is also 
uncertainty about samples that may be only slightly contaminated, but the apparent 
age is still in the valid “dating range” which can’t be calculated precisely. The 
CFC-113 in the groundwater shallower than 2 m at S15 should be this kind of 
situation, and the precise ages can’t be obtained with the mixing flow concept. 
Sometimes, cases of low level contamination result from local enrichment in air 
composition or through some land use practices that occur over broad regions (IAEA, 
2006).  
 
Figure 5-4 The minimum age difference of S6-3 m and S15-3 m between young water 
and old water in the binary mixture model. 
For binary mixing flow, calculation of mixing fractions is more complicated 
mathematically. In terms of probability mentioned in the method section of this paper, 
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the mixture of two end members which ages have the minimum difference is the most 
possible result for the groundwater of the study area. Accordingly, the groundwater in 
the depth of 3 m at S6 and S15 are mixtures of groundwater recharged in 1957 and 
1994 with the old groundwater proportion of 28.30 %, 1965 and 1986 with the old 
groundwater proportion of 28.47 %, respectively (Figure 5-4). Therefore, the apparent 
mean ages of groundwater 3 m in depth are 43.5 years at S6 and 40 years at S15, 
respectively (Table 4-2). 
As a piston flow, the recharge period for the groundwater shallower than 2 m at S6 
is estimated as 1972 (i.e., the groundwater ages are as old as 39 years). With respect to 
groundwater shallower than 2 m at S15, the ages can’t be calculated precisely by the 
mixing flow models described above. Because the feature of landform and strata at 
two sides in the wetland valley are very similar, the characteristics of groundwater 
flow at S15 should be also same as those at S6. Therefore, groundwater shallower 
than 2 m at S15 can be considered as piston flow reasonably. The ages of groundwater 
can be recommended as the apparent ages of CFC-12 which is credible, in other 
words, 48 years of 2 m and 42.5 years of 1 m at S15. In addition, CFC-12 is credible 
under sulfidogenic condition at R2 as described in the previous section. The CFC-12 
apparent ages of groundwater in the depths of 2 and 3 m at R2 are estimated by as 39 
years and 38 years, respectively. As a whole, groundwater age in the study area is 
estimated in the range of 38 to 48 years. 
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5.4.2 The characteristics of hydrological processes 
CFCs are found in post-1940s water, thus, their occurrence in groundwater is an 
indication of the presence of some fraction of relatively recent recharge. A powerful 
application of CFCs groundwater age dating technique is identifying recharge area 
based on the hydrologic data. 
 
Figure 5-5 The conceptual flow systems in the Ichikawa wetland basin. 
Based on the characteristics of groundwater flow in the wetland, we can know that 
the flow direction of groundwater is from unknown depth to the ground of wetland. 
Reasonably, the groundwater at 1 m of the aquifer is closest to the discharge area. The 
ages of groundwater at 1 m were used for estimating the characteristic of groundwater 
flow. As the results presented in chapter 4, the apparent ages of groundwater at 1 m 
are 39 years at S6-1m and 42.5 years at S15-1m in the valley aquifer, indicated that 
rainwater have been stored for 39/42.5 years in the aquifer. The water table in the 
recharge area is 8 m (the well in the upland), and the average elevation of the recharge 
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area and the valley are 27 m and 12 m. The average annual rainfall is 1335.56 mm in 
the past 33 years, the average mean annual evapotranspiration is about 721.17 mm, 
rainfall infiltration is 614.39 mm/year, and the average porosity of the aquifer is about 
78 %. Because the groundwater age is estimated from the water table based on the 
basic dating assumption, the equation of groundwater flow depth can be defined as: 
H = 
𝑅𝑎𝑅𝑅∗614.39
1000� −(27−12−8)
2        (5-5) 
Therefore, the groundwater at 1 m of S6 and S15 should flow from the depth of 
about 12 m and 13 m from the ground of valley, the elevation of which are 0 m and -1 
m (Figure 5-5). 
In the wetland basin, the hydrological balance can be written as: 
P - E = ΔS + D                   (5-6) 
Where P is precipitation, E is evapotranspiration, ΔS is storage, D is drainage. 
Based on the data of outflow (576841.82 m3) of the wetland valley during the 
hydrologic investigated year and the infiltration (614.39 mm/year), the recharge area 
can be calculated as the outflow divided by the infiltration, which is about 0.94 km2.  
5.4.3 Geochemical evolution in the wetland headwater  
Research of riparian zones in agricultural catchments with high nitrate concentrations 
in subsurface runoff has often shown a substantial decrease in nitrate concentrations 
within the riparian zone (Dhondt et al., 2004; Hill et al., 2000; Simmons et al., 1992). 
Natural processes such as vegetation uptake, denitrification and microbial 
immobilization have been demonstrated to be important in the removal of nitrate from 
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shallow groundwater in riparian zones (Groffman et al., 1996; Haycock and Pinay, 
1993). These results have led to the conclusion that riparian zones are crucial to the 
control of non-point source pollution of surface waters in agricultural environments. 
However, flows of groundwater from a semi-confined aquifer with low nitrate 
concentrations and surface water in the near stream (hyporheic) zone may 
significantly contribute to the decrease in nitrate concentrations in the shallow 
groundwater through dilution or mixing (Altman and Parizek, 1995; Pinay et al., 
1998).  
Another factor that needs to be considered is that flow patterns within riparian 
zones with heterogeneous sediments may be complex and create spatial differences in 
both residence time and material encountered by the groundwater travelling within the 
riparian zone (Devito et al., 2000; Gold et al., 1998). Preferential flow paths may 
occur as a result of local differences in permeability of the soil and these may conduct 
substantial quantities of water and decrease the overall residence time of water in the 
buffer zone. Thus, knowledge of groundwater flow paths and physical water mixing is 
essential for a correct evaluation of the N mitigation by riparian buffers (Nelson et al., 
1995). 
In the study wetland basin, the geochemical evolution can be divided into two steps 
as follows: Firstly, from recharge area (well 8 m in this study) to the discharge area of 
the sides in the valley, the ions show an obvious increasing trend. It can be attributed 
that the probable releasing processes from the aquifer by water-rock interaction and/or 
input of human activities due to the increasing of nitrate from well 8m to S6 and S15. 
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The second step can be considered as the purifying process when groundwater flow 
through the aquifer enrich organism which is the basic condition of the 
biogeochemical processes. The obvious characteristics of decreasing of nitrate and the 
increasing of HCO3- suggested that the biological processes removed the nitrate and 
produced the CO2 simultaneously. With respect the biological processes happened, it 
may be denitrification between two sides and the middle, desulfurization at the 2 and 
3 m of R2 and R4 and methane-producing at 1 m of R2 and R4, which is discussed in 
chapter 4 of this thesis. All of these processes can be effectively change the water type 
which is also biological purification to reduce the N load for the environment. 
 
Figure 5-6 The geochemical evolution of groundwater in the wetland basin. 
5.5 Conclusion 
The difference of apparent age between CFC-12 and CFC-113 is attributed to the 
 68 
 
mixture between young and old groundwater. Among PFM, EMM, EPM and BMM, 
the binary mixing model and piston flow model were considered as the most possible 
flow types in the wetland. As a whole, groundwater age in the wetland was estimated 
in the range of 38 to 48 years. 
Based on data of the groundwater age and water balance in 33 years, the depth of the 
groundwater flow in the aquifer can be estimated as about 12-13 m from the ground 
of wetland. The recharge area is calculated as 0.94 km2.  
The geochemical evolution in the wetland basin is mainly controlled by the 
characteristics of groundwater flow and the biogeochemical processes in the wetland 
aquifer. Along the groundwater flow path, biological removal processes gradually 
become intense. The denitrification is the dominant nitrate removal process when the 
shallow groundwater flows through the aquifer which is rich in organic matter. 
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Chapter 6 Hydrogeological processes in 
karstic aquifers 
6.1 Introduction 
Better understanding of hydrological processes and hydrochemical evolution is of 
significant importance in regional water resources development and management, 
especially in the karstic region, where a unique and complex flow system exists 
because of special rock-water reaction, geology, and geomorphologic conditions etc. 
The stratigraphy and geological structure play critical roles in the movement of 
surface water and groundwater, as well as their inter-connections. A unique karst 
basin is usually depicted as well developed underground flow systems with extensive 
lack of surface water flow (Ford and Williams, 1989). Because hydrological processes 
in Karst basins are rather complex due to dissolution of carbonate and non-Darcy flow, 
it is difficult to describe and quantify the flow characteristic with traditional methods. 
Therefore, the tracing techniques including dyes, salts, surfactants, aromas, 
radioactive and stable isotopes have been well developed and applied in the karst 
research (Ginsberg and Palmer, 2002; Käss et al., 1998). Successful application of 
such approaches requires careful and appropriate pre-design and sufficient 
hydrogeological information regarding flow route, direction and boundary condition 
etc. Furthermore, it is also necessary to reduce the cost while deriving groundwater 
flow path from a test scale to a basin scale (Divine and McDonnell, 2005; White, 
1993). Since the 1980s, stable isotopes have been widely used to trace the 
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hydrological cycle and identify relevant mechanisms and possible sources (Gat and 
Gonfiantini, 1981; Song et al., 1999; Tanaka et al., 1992), but case studies in karstic 
basins of China were seldom reported. 
Hydrochemistry of surface waters is affected by many factors, such as geological 
characteristics, chemical weathering, atmospheric deposition, biological activities etc. 
(Gassama and Violette, 2012; Hagedorn and Cartwright, 2009). Many studies of 
chemical weathering often rely on monitoring the chemical composition of stream 
water (Drever and Zobrist, 1992; Stallard and Edmond, 1983; Velbel, 1985; Wallick, 
1981). But it cannot completely explain the hydrochemistry evolution of catchments 
(Christophersen et al., 1990; Hooper et al., 1990).  
Under natural conditions, groundwater makes great contributions to stream flow in 
most physiographic and climatic settings in karst regions. It is increasingly apparent 
that evolution of either groundwater or surface water in karst basin affects the other. 
Water movement in karstic aquifers is often difficult to evaluate because of gross 
heterogeneity in permeability and hydraulic conductivity, mixed conduit and diffuse 
flow, and variations in location and amount of recharge and discharge (Budd and 
Vacher, 2004; Martin and Dean, 2001; Peterson and Wicks, 2005). Chemical kinetics 
of water in karstic basin is involved aqueous solutions and chemical equilibriums with 
aquifers through which it flows. Contact time as well as contact area is important in 
the interaction between rock and water. As a result, the chemical evolution of shallow 
groundwater depends on the rates of these reactions in aquifers with complex 
structure (Wicks and Engeln, 1997; Wigley, 1973). 
 71 
 
Residence time is important for understanding and quantifying flow in karst 
aquifers through complex networks of conduits, fractures, and other pore spaces, each 
of which has a different groundwater age (Long and Putnam, 2006). It also becomes 
an index of contact time for estimating the kinetics of geochemical reactions in karstic 
aquifers. Anthropogenic tracers are useful in estimating groundwater age distributions 
through the application of appropriate models (Maloszewski and Zuber, 1982). 
Concentrations of CFCs in atmosphere have increased since the 1950s due to using 
these compounds as coolants in refrigeration systems, solvents, blowing agents and 
propellants in air conditioners. The concentration of dissolved chlorofluorocarbon in 
groundwater depends on the atmospheric concentration at the time of recharge. The 
potential of environmental Chlorofluorocarbons (CFCs) in dating groundwater has 
been recognized since the mid-1970s (Thompson and Hayes, 1979) and has been used 
successful in some karst areas (Katz et al., 2005; Long and Putnam, 2006; Long and 
Putnam, 2009a; Plummer et al., 1998a; Plummer et al., 1998b).  
With respect to the development of karst, it makes the lower limit of solubility that 
a transitional situation exists in reality (Ford and Williams, 1989). It is the time and 
space depended processes, but knowledge is limited from the field works. In this 
respect, it is of significant important to understand the relation the time involved 
water-rock reaction and release of chemicals in karstic aquifers.  
Therefore, the multiple tracer approaches with hydrogeochemistry, isotopes and 
CFCs were used to assess the hydrological flow system and hydrogeochemical 
evolution in typical karstic basin of Gaoping in Zunyi City and Houzhai in Puding 
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County in Guizhou province, China. The goals of this chapter are as follows: 
1) To estimate the residence time of groundwater and springs based on CFC;  
2) To analyze the hydrogeochemical characteristics of groundwater, springs and 
stream water;  
3) To understand the kinetics processes involved to the hydrogeochemical 
evolution in the karstic aquifer of Gaoping basin;  
4) To assess the anthropogenic effect on the waters in the Gaoping basin;  
5) To delineate hydrological zones based on the spatial distribution of isotopes and 
relevant hydrogeological and geomorphological characteristics in Houzhai basin;  
6) To discuss hydrological structures which control the surface water and 
groundwater flow as well as their connection in Houzhai basin; 
6.2 Site description and method 
6.2.1 Site description 
6.2.1.1 Gaoping basin 
Gaoping basin (106°50′-106°56′E, 27°45′-27°52′N) with the area of 52 km2, is located 
in north of Guizhou province. The climate belongs to subtropical warm-moist, annual 
average temperature is 15.2 °C, and the annual average relative humidity is about 
82 %. The mean annual precipitation in the basin is about 1094.6 mm with 60-70 % of 
which is available from May to August. 
The geology of the basin mainly consists of Cambrian dolomite, Ordovician 
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mudstone and a few Quaternary clays. Numerous tectonic faults and joints in the 
study area trend preferentially along the NE–SW direction. Calcite and minor 
amounts of secondary silicates can commonly be found in the fractures through which 
groundwater flows. The boundaries of aquifers in the study area are well defined by 
stratigraphic and tectonic contacts. To the northwest and southwest, there are 
Cambrian Gaotai group, low permeable siltstone and mudstone. Faults and 
Ordovician mudstone can be found to the southeast, and the surface watershed of 
karst morphology to the northeast. Ordovician Meitan group mudstone in the 
southeast of faults acts as a barrier to groundwater due to low permeability, and the 
hydrogeological unit is formed by a thick series of Cambrian Loushanguan group 
carbonate rocks (Wang, 1995; Wang, 1998; Wu et al., 2009). Along the faults, there 
exist many springs. The combination of climate, groundwater and carbonate bedrock 
have resulted in karstification in the basin. 
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Figure 6-1 Map of Gaoping basin and sampling sites. 
  The study area is semi-closed valley, surrounded by mountain which is the recharge 
area of the stream in the basin. The elevation of basin ranges from 882 to 1291 m 
above sea level. Geomorphologically, the northwest part is higher than the southeast, 
which control the development of the Gaping stream. Averagely, the streambed is 
about 1-2m below the bottom of valley. Farmlands, forest and building lots cover 
29 %, 28.2 % and 17 % of basin, respectively. Other 25.8 % are gardens (4.8 %) and 
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not used land (21 %). The forest mainly distributes on the hillside, and farmlands are 
found in lowland of the basin. 
6.2.1.2 Houzhai basin 
The Houzhai basin (105°41′27″~105°43′28″E, 26°13′3″~26°15′3″N) is located in 
Puding county of Guizhou province, southwestern China where the most typical and 
diverse karst landforms exist. The basin is a typical karst basin with an area of 81 km2 
(Figure 6-2). The elevation of the basin ranges from 1218 m to 1585 m, declining 
from southeast to northwest. Monsoon climate dominates the basin with an annual 
precipitation ranging from 1200 to 1400 mm, about 80% of which falls during the wet 
season from May to October(Chen et al., 2006; Zhang. and Yuan, 2004). 
The exposed strata in the basin are mainly composed of limestone and dolomite of 
the Middle Triassic, which covers nearly 90% of the basin. From southeast to 
northwest, the geomorphologic type in the basin changes from peak clusters with 
depressions to peak forests with valleys, and finally to peak forests with plains (Li et 
al., 2010; Zhaogan et al., 1998). 
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Figure 6-2 Location of waters sampling sites in the Houzhai basin. 
Surface rivers can only be found in the central and the northeast part of the basin 
where the karst system is less developed. The Haoying river and the Dengzhan river 
in the upper reach flow northwestwards to Qingshan reservoir and the Houzhai river 
in the lower reach. In contrast, karstic groundwater system is much developed in the 
south part of the basin where no surface river system is found, and the karstic flows 
are from the southeast to the northwest and finally show up as springs at HZ21 
(Figure 6-2). An underground reservoir was built in the upper reach of the karstic flow 
area. HZ22 is assumed to be the outlet of the whole basin. The annual average 
discharge from surface river at HZ20 and karstic flow at HZ21 are 23.3×106 m3 and 
24.9×106 m3, respectively, and 99 % of the flow at HZ20 and 68 % of that at HZ21 
occur during the wet season (Chen et al., 2006). 
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Figure 6- 3 Map of land use in the Houzhai basin modified based on the land use map 
in the thesis of Cheng Zhang. 
Agriculture is the dominating land use in the study basin without much change in 
the past several decades. Land cover in the basin can be divided into five types: dry 
land, paddy field, forest, grazing and bare rock. Dry land and paddy fields account for 
20.4 % and 66.7 % of the basin area respectively (Hu et al., 2001; Wang and Zhang, 
2001). Bare rock is mainly found in the east part of the basin, where karstic flow is 
recharged quickly via sinkholes or sinking streams, and paddy fields are prevailing 
land use in the central and south parts of the basin (Figure 6-3).  
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6.3 Result 
6.3.1 Chemical composition of surface water and 
groundwater in Gaoping basin 
The water chemical parameters and concentration of major ions were listed in Table 
6-1. It was found that the pH values of water in the study area ranged from 7.05 to 
8.40. The average values of pH and temperature were 8.24 and 25.86 ℃ for stream, 
and 7.26 and 17.03 ℃ for groundwater and spring, respectively. Average value of EC 
in groundwater was 579 µS/cm, which was higher than that of 521 µS/cm in stream 
water. Ca2+ was the most abundant cation with its concentration ranging from 1.58 to 
2.65 mmol/l. Ca2+ and Mg2+ accounted for 81 % to 98 % of the total cations in the 
water. The average values of Ca2+ and Mg2+ in stream water were lower than that in 
groundwater. In general, the molar ratio of Mg2+/Ca2+ should be 0.6 for the water 
equilibrium with calcite and dolomite (Drever, 1982). The average value of Mg2+/Ca2+ 
rate was 0.80, indicating that the water in the Gaoping basin is rich in Mg. HCO3− 
was the most abundant ion and accounted about 63 % to 89 % of anions in the study 
area. It ranged from 3.88 to 5.67 mmol.l-1 with the average value of 4.13 mmol.l-1 in 
stream and 4.85 mmol.l-1 in groundwater. Accordingly, the waters in the basin belong 
to the Ca-Mg-HCO3 type (Figure 6-4).  
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Figure 6-4 The distribution of water type for groundwater and surface water in study 
area. 
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Table 6-1 Basic parameters, the concentration of major ions and stable isotopes in groundwater, spring and surface water in the basin. 
ID Description pH 
DO T EC Na+ K+ Ca2+ Mg2+ Cl- NO3- SO42- HCO3- δ18O (‰) δD 
(mg/l) (℃) (µS/cm) (mmol/l) (‰) (‰) 
W1 spring 7.55 4.36 17.5 480 0.07 0.03 1.58 1.30 0.10 0.31 0.45 4.16 -6.4 -46 
W2 spring 7.13 5.19 16.0 575 0.21 0.07 1.79 1.54 0.31 0.80 0.64 4.16 -6.6 -46 
W3 well 7.30 3.24 17.9 595 0.09 0.03 2.06 1.65 0.15 0.03 0.68 5.56 -6.9 -47 
W4 spring 7.23 7.27 13.4 515 0.12 0.06 1.78 1.36 0.14 0.22 0.64 4.45 -7.6 -50 
W5 well 7.30 7.15 17.2 525 0.15 0.05 1.78 1.57 0.25 0.38 0.49 4.78 -7.3 -49 
W6 well 7.30 4.72 16.1 725 0.26 0.08 2.44 1.95 1.31 0.30 0.74 5.67 -7.1 -47 
W7 well 7.44 8.50 11.8 615 0.33 0.06 2.06 1.56 0.49 0.32 0.58 5.36 -7.4 -47 
W8 well 7.12 3.04 16.0 830 0.99 0.08 2.65 1.99 0.91 0.66 1.61 5.51 -6.3 -46 
W11 well 7.16 2.58 20.9 530 0.16 0.03 1.75 1.44 0.29 0.09 0.40 4.94 -6.9 -49 
W12 spring 7.05 4.32 18.8 580 0.10 0.05 2.03 1.53 0.19 0.15 0.58 5.04 -7.9 -48 
W13 spring 7.21 4.97 18.6 490 0.04 0.03 1.73 1.38 0.07 0.04 0.63 4.73 -7.1 -48 
W14 spring 7.15 3.32 18.6 540 0.03 0.03 2.09 1.58 0.06 0.03 1.38 4.19 -8.2 -50 
W15 spring 7.30 6.45 17.7 520 0.06 0.03 1.70 1.59 0.09 0.17 0.37 5.04 -8.1 -47 
W16 well 7.25 4.37 15.8 510 0.11 0.05 1.71 1.39 0.17 0.16 0.35 4.84 -7.9 -49 
W17 spring 7.30 3.65 18.5 730 0.14 0.04 2.50 1.90 0.31 0.08 1.70 5.10 -7.4 -47 
W18 spring 7.30 4.60 17.7 500 0.16 0.06 1.66 1.29 0.24 0.39 0.53 4.00 -7.8 -50 
R1 stream 8.40 14.08 26.7 470 0.12 0.07 1.61 1.21 0.17 0.13 0.57 3.98 -7.4 -48 
R2 stream 8.22 11.42 25.4 475 0.14 0.07 1.67 1.20 0.20 0.18 0.56 4.08 -6.6 -46 
R3 stream 8.35 10.31 26.4 530 0.30 0.08 1.72 1.39 0.36 0.16 0.65 4.37 -7.5 -48 
R4 stream 8.10 11.11 25.0 570 0.31 0.09 1.78 1.50 0.39 0.15 0.95 4.32 -4.8 -44 
R6 stream 8.14 8.64 25.8 560 0.42 0.08 1.86 1.42 0.35 0.21 1.04 3.88 -7.3 -47 
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Furthermore, Na+ concentration ranged from 0.03 to 0.99 mmol.l-1 with the average of 
0.21 mmol.l-1. K+ concentration in the basin was below 0.09 mmol.l-1. 
NO3− concentration ranged from 0.03 to 0.80 mmol.l-1. The concentrations of NO3− in 
groundwater at W1, W2, W5, W7, W8 and W18 were higher than that in other parts, 
because of intensive human activities. 
6.3.2 Oxygen and hydrogen isotopes 
6.3.2.1 Oxygen and hydrogen isotopes of Gaoping basin 
Stable isotopes values in water varied from -50 to -44 ‰, with the average of -48 ‰ 
for hydrogen, and from -8.2 to -4.8 ‰, with the average of -7.2 ‰ for oxygen, 
respectively (Table 6-1). The mean values of δ18O and δD were -7.3 ‰ and -48 ‰ for 
groundwater, and -6.7 ‰ and -47 ‰ for surface water, respectively. The values of 
δ18O and δD for rain water were -10.3 ‰ and -68 ‰. It is reasonable to consider that 
the groundwater and surface water in the study area are mainly recharged by 
precipitation (Figure 6-5). It is obvious that waters of spring, stream and well are on 
an evaporation trend, especially for R4 on the dam upstream (Figure 6-5). 
 82 
 
 
Figure 6-5 The Relationship between δ18O and δD for the groundwater, spring and 
surface water in Gaoping basin. 
6.3.2.2 Oxygen and hydrogen isotopes of Houzhai basin 
The relationship between δD and δ18O values for all samples in Figure 6-6 suggested 
that rain water was the only source for all waters in the basin. In the central and the 
northeast part of the basin, δ18O values changed from -11.2 to -8.9 ‰, and δD values 
changed from -77 to -66 ‰. In the southwest part of the basin, the isotopic values 
ranged from -9.1 to -6.9 ‰ for δ18O, and from -62 to -49 ‰ for δD, respectively. In 
the northwest part of the basin, the values of δD and δ18O ranged from -61 to -54 ‰, 
and from -8.8 to -6.9 ‰, respectively. It was obvious that the isotopes in the central 
and northeast parts of the basin were lighter than those in the other parts (Figure 6-6). 
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Figure 6-6 Relationship of δ18O versus δD for karstic water, spring and river in 
Houzhai basin (The areas surrounded by dashed lines represent isotopic composition 
in different parts in the basin). 
6.3.3 Apparent age of groundwater and spring water  
6.3.3.1 Apparent age of groundwater and spring water in 
Gaoping karstic aquifer 
The concentration of CFC-113 in groundwater and spring water ranged 0.04-0.19 
pmol/l. It was estimated that the dry air atmospheric mixing ratio of CFC-113 ranged 
from 10.49 to 47.63 ppt during recharge year. To determine groundwater ages with 
CFC-113 data, it is necessary to estimate recharge temperature and elevation. The 
recharge temperature is the air–water equilibrium temperature at the time the 
groundwater sample was isolated from the atmosphere, and the change of recharge 
temperature can modify the CFCs apparent(Busenberg and Plummer, 1992). Where 
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the unsaturated zone is thin, the recharge temperature is usually within about 1 ℃ of 
the mean annual surface-soil temperature, which is also few difference to the mean 
annual air temperature (Andrews and Lee, 1979; Herzberg and Mazor, 1979; Mazor, 
1972; Vogel and Talma, 1981). Therefore, the mean annual air temperature is 
reasonable for calculating the air–water equilibrium temperature and was estimated to 
be 15.2 ℃ in the study area. Also, the change of total atmospheric pressure (P) with 
altitude was estimated by the equation (1),  
lnP = -H/8313      (6-1) 
where, recharge elevation (H) was assumed to be 1291 m for the study basin. 
The average values of DO (dissolved oxygen) of groundwater and springs were 
4.86 mg/l in the study area, indicating waters were under aerobic condition and CFCs 
should not be affected by microbial degradation (Happell et al., 2003; Hinsby et al., 
2007). Because the concentration of CFC-113 in most samples was at reasonable level 
without evidence of contamination, it was used to estimate the groundwater apparent 
age in the study area with the procedures of previous study (Plummer et al., 2001). 
The apparent age of groundwater in the basin shown in Table 6-2 is considered as the 
residence time since the recharge water entered the saturated zone and was isolated 
from the atmosphere. 
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Table 6-2 Concentration of CFC-113 in water and air, recharge year estimated by 
CFC-113.  
ID CFC113 (pmol/l) Xi * (pptv) Recharge year 
W1 0.19 47.63 1985 
W2 0.11 27.56 1981 
W3 0.06 14.65 1976 
W4 0.12 30.50 1982 
W5 0.11 28.58 1981 
W12 0.13 33.44 1983 
W13 0.11 26.36 1981 
W14 0.06 13.87 1976 
W15 0.04 10.49 1974 
W16 0.16 40.82 1984 
W18 0.17 41.60 1984 
* Xi is the dry air mole fraction of the CFC113 in air. 
 
Figure 6-7 The isoline map of CFC-113 apparent ages for groundwater in study area. 
  Based on geomorphology and hydrogeology, it can concluded that groundwater in 
the study area was recharged by the surrounding mountains, flowed in the basin 
mainly from the northwest to the southeast, and discharged to stream through fault, 
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fracture and conduit. Accordingly, the map of recharge year for groundwater and 
springs in the basin was shown in Figure 6-7. As a whole, the investigated 
groundwater in the study area was mainly recharged in the period from 1974 to 1985. 
The residence time indicates that several decades should be needed for the 
groundwater flowing before discharging, which coincides with the low permeable 
siltstone and mudstone in the stratum of the basin. It was also similar to the results of 
other studies (Long and Putnam, 2006; Long and Putnam, 2009b; Long et al., 2007). 
For the spatial distribution of CFC-113 apparent age, the groundwater in northwest 
part was younger than that of southeast part in the basin. 
6.3.3.2 Apparent age of groundwater and spring water in 
Houzhai basin 
To determine groundwater age, it is necessary to estimate recharge temperature and 
elevation. Recharge elevation (H) was assumed to be 1500 m for the basin, which was 
averaged elevation and used to estimate the change of total atmospheric pressure (P). 
Recharge temperature was assumed to be the mean annual air temperature of 15.1°C 
in the basin. 
The values of DO and ORP at HZ17, HZ19 and HZ23 reveal that groundwaters 
were aerobic. Moreover, on the basis of DO, ORP, NO3- and SO42-, desulfurization 
didn’t happen in groundwater, indicating CFC-113 and CFC-12 were not affected by 
microbial degradation. In the present study, CFC-12 and CFC-113 were measured and 
the apparent ages were estimated. But apparent ages based on CFC-12 were not in 
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accordance with those estimated by CFC-113. 
Based on the measured concentrations, the CFCs partial pressure in the air of HZ17, 
HZ19 and HZ23 were 276.07 pptv, 380.90 pptv and 191.66 pptv for CFC-12, and 
30.28 pptv, 35.53 pptv and 28.23 pptv for CFC-113, respectively. These data were 
plotted to show whether the spring water samples recharged at air–water equilibrium 
and/or diluted by mixing with CFC-free water (Figure 6-10). The solid line on the 
figure represents the piston flow based on the historical recorded partial pressure (in 
pptv) of CFC-12 and CFC-113 in North American air. The atmospheric gas partial 
pressure would be in equilibrium with the measured concentrations in the water 
calculated under the local conditions such as the recharge temperature and recharge 
elevation. Simple binary mixtures of water recharged in the years 2003, 1995, 1989, 
and 1985 with old CFC-free water are shown as dashed lines. It was found that the 
springs were plotted in the area bounded by the piston flow (solid line) and 
upper-most mixing line (1994-pre-CFC line) (Figure 6-10). The spring water at HZ19 
shows the location of an unmixed sample recharged in 1984. The apparent CFCs age 
at this point can represent reasonably the travel time from the point of recharge 
through the aquifer. The mixing line for point HZ17 intersected the solid line (piston 
line) at the points of 1989 and 2003. As a result, the spring at HZ17 shows two 
probable mixture schemes, CFCs free old water with 35% of groundwater recharged 
in 2003, and that with 40% of groundwater recharged in 1989. The spring at HZ23 
was estimated to be a mixture of 68% of groundwater recharged in 1985 and 
CFC-free old water. 
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6.4 Discussions 
6.4.1 The characteristics of hydrological cycle  
6.4.1.1 The contribution of groundwater to stream in Gaoping basin 
Generally, the contribution of groundwater to the stream occurs basically through 
wells and springs in the basin (Wu et al., 2009). Based on the characteristics of 
topography in the basin, all streams are reasonable as the gaining stream in the study 
area. Therefore, the surrounding ridges and the streams can be considered as the 
recharge area, and the way of discharge in the basin, respectively. 
In general, dissolved chemical constituents are transported along with the flowing 
water. Because groundwater discharges to stream, the quality of groundwater can 
affect potentially the quality of the receiving stream in the study area. When the 
groundwater discharges to stream, the increase of pH shown in Table 6-1 can be 
expected to relate the behavior of CO2 in water. It is known that the partial pressure 
of CO2 (Pco2) is commonly between 10-1.5 and 10-2.5 in soil, and 10-3.5 in atmosphere 
(Appelo and Postma, 1993). When the rain infiltrates through soil, the carbonate 
minerals dissolution will take place with continuous high Pco2 (10-1.5-10-2.5) due to 
degradation of organic matter, which can be regarded as open system. However, if 
water is isolated from the source of CO2, the Pco2 will be not a constant. When the 
calcite is dissolved in CO2-H2O-CaCO3 system, the Pco2 will decrease. Springs 
provide surficial access point to groundwater systems and serve as important sources 
for streams. In the viewpoint of groundwater system, the Pco2 of springs (can be 
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called final Pco2) is commonly higher than that of atmosphere (10-3.5). 
It was estimated that the dissolved concentration of CO2 in the basin ranged from 
0.58 to 1.12 mmol/l with the average of 0.78 mmol/l for groundwater, from 0.32 to 
1.18 mmol/l with the average of 0.73 mmol/l for springs, and from 3.49×10-2 to 
7.93×10-2 mmol/l with the average of 5.56×10-2 mmol/l for stream, respectively. The 
dissolution CO2 in stream is one to two order less than that in both groundwater and 
springs. When the groundwater flows out as a spring, the dissolution CO2 will release 
to the atmosphere from the water, because it changes from a closed system to an open 
system for carbon dioxide. As a result, the chemical reactions shown as equation 3 
and 4 will be toward the left, resulting in the decrease of [H+] concentration. This 
process can explain that the pH of stream water is higher than that of groundwater in 
the basin (Table 6-1). 
Furthermore, when the Pco2 decreases, the chemical components of water also 
change because of the change of SI value. For example, SI values of the calcite and 
dolomite in groundwater are much lower than that in stream water. Also, the average 
concentrations of Ca2+, Mg2+, HCO3- in groundwater are higher than those in stream 
water. Therefore, change of CO2 content is expected to be one of important factors to 
control the hydrochemistry in the groundwater, spring and stream in the basin. 
Because the stream is a gaining stream as described previously, the change of 
groundwater contribution along the stream is the key to understand the spatial and 
temporal variation of quality and quantity of stream in the basin. In order to assess the 
contribution of groundwater to the stream, PHREEQC was used based on the 
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conceptual mixing model for groundwater and stream in the study area. In the model, 
the groundwater and the upstream were set as the initial solutions, and the 
downstream was set as the final solution. In mixing process, each solution was 
multiplied by its mixing fraction and a new solution was calculated by summing all of 
the fractional solutions. The result shows that the mixing fractions of groundwater at 
site R2, R3, R4 and R6 are 80 %, 50 %, 35 % and 75 %, respectively. The decrease of 
groundwater fraction in the reach between site R2 and R4 indicates that the 
groundwater in northwest part of the basin discharges more water to the stream than 
that in the central part of the basin. However, the contribution of groundwater in the 
reach from site R4 to site R6 is up to 75 % of total stream flow, which suggests that 
the faults nearby R6 may act as the effective conduit for groundwater to supply the 
stream. 
6.4.1.2 Hydrological processes estimated by stable isotopes in 
Houzhai basin 
Hydrological and geomorphologic factors interrelate each other in karst basins. 
Chemical weathering processes are main kinetics of the geomorphologic development 
under the control of the geologic tectonics and geotectonic movement in the geologic 
period, while the hydrologic processes are controlled by the geomorphologic 
conditions in the karst areas (Ming, 1993). In general, a hydrological system in karst 
basin consists of surface system and groundwater system related to geomorphologic 
features. The characteristics of water flow are highly variable because of spatial 
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distributions of sinkholes and conduits etc. The connections among systems and the 
interaction between surface water and groundwater can be identified by stable 
isotopes and chemical compositions of waters (Katz et al., 1997). For example, δD 
and δ18O enriched in recharged alluvial groundwater in the Sultanate of Oman, 
indicating strong evaporation during water flows over the hot landscape (Clark, 1987). 
Also, enrichment occurs intensively as well in the area where paddy fields are widely 
distributed (Yamanaka et al., 2007). 
Isotopes compositions of surface water and groundwater are often different from 
rainwater because of varied flow path over landscape. δD and δ18O in the central and 
the northeast part are lighter than those in the other parts of the basin, indicating 
spatial heterogeneity in terms of water cycle and processes (Figure 6-6). Based on the 
spatial distribution of δD and δ18O, the Houzhai basin was divided into three zones: 
Zone 1 is located in the central and the northeast part of the basin where the surface 
water and groundwater exchanges are active due to their connections; Zone 2 is in the 
south and the southwest part of the basin where well-developed karstic flows occur 
with few surface river available; and Zone 3 is in the northwest part of the basin 
where the waters from Zone 1 and Zone 2 join and flow out of the basin (Figure 6-8). 
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Figure 6- 8 Map of hydrological zones classified hydrogeomorphology and isotopic 
compositions in Houzhai basin. 
The connection in the groundwater system and the shape of land surface are the 
basis for understanding the hydrologic cycle (Ford and Williams, 1989). In the 
Houzhai basin, the fissures and conduits are more developed in the Zone 2 than those 
in the Zone 1. The groundwater reservoir in the recharge area reduces the water flow 
in the Zone 2 (Zhang, 2003), yielding a longer interaction time in the aquifers than 
that in the Zone 1. 
In general, precipitation recharges the aquifers as overland flow through sinkholes 
in the karstic basin. If the overland flow is available locally and flows into sinkholes 
quickly, isotopic characteristics of groundwater are similar to those of rain water 
during the recharge period. Nevertheless paddy fields act as a pan where evaporation 
leads to the enriched isotopes in the water. When the water returns to river or 
groundwater system from paddy fields, isotopes of either surface water or 
groundwater become heavier than those of the precipitation in the recharge area.  
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In the study basin, paddy fields are prevailing in the area where irrigation water is 
available, and corn farmlands are found on the slope of basin where the thin soil layer 
has poor water-holding capacity and lacks irrigation facilities. The ratios of paddy 
field are about 32% in the Zone 1 and 44% in the Zone 2 which is in the major rice 
producing area of the Houzhai basin (Zhang, 2003) (Figure 6-3). The river system in 
the Zone 1 suggested that the karstic flow or karstic underground cave should be less 
developed as compared to the Zone 2. Similar isotope values for the surface water and 
groundwater in the Zone 1 indicated a fast recharge with less impact of evaporation. 
Because paddy fields expand over both sides of the river, drainage from the paddy 
fields to the river induced isotopes enrichment in the river water compared to the 
karstic flow water. Figure 6-9a shows a conceptual hydrological structure in the Zone 
1 where the river water consists of precipitation and the paddy fields drainage, while 
the water of karstic flow is recharged by precipitation via sinkholes or fissures 
without the impact of evaporation.  
Comparing to the Zone 1, paddy field is the dominating land use in the Zone 2 
where groundwater pumped from wells is used for irrigation (Zhang, 2003). Because 
groundwater is the only source for irrigating paddy field, the strong evaporation in the 
paddy fields results in the enriched isotopes in the water which could recharge the 
karstic flow as return flow. Therefore, isotopic values in the karstic flow water are 
heavy in the Zone 2, as conceptualized in the figure 6-9b. 
Zone 3 is the outlet area of basin where paddy fields is also the main land use type. 
Isotopic values of δD and δ18O at HZ23, HZ24, HZ25 and HZ26 in the Zone 3 are 
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heavier than those in the Zone 1, but lighter than those in the Zone 2. It is suggested 
that water from the Zone 1 and the Zone 2 flow down and join in the Zone 3, and 
more water from the Zone 2 than the Zone 1 is expected based on the isotopic features. 
As a result, 42 % of water in the Zone 3 is from the Zone 1 and 58 % from the Zone 2 
based on δ18O, and 30 % from the Zone 1 and 70 % from the Zone 2 based on δD.   
As a whole, evaporation is regarded to be a key factor to affect the isotopic 
composition of surface water or groundwater, and make it feasible to use the spatial 
distribution of isotopes for identifying the regional characteristics of hydrologic 
processes in the Houzhai basin. 
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Figure 6- 9 Conceptual flow systems deduced by isotopic composition, land use and 
hydrological structure in Zone 1 (a) and Zone 2 (b). 
 
6.4.1.3 The mixing between young and old groundwater 
 
Figure 6-10 Plots comparing CFC-12 and CFC-113 mixing ratio in air (pptv) if 
unaffected by mixing (piston flow, solid line), and in binary mixtures of young 
groundwater (recharged in 1985, 1989 and 2003) with old CFC-free groundwater 
(dashed lines). The mixing area is bounded by the piston flow (solid line) and 
upper-most mixing line (1994-pre-CFC dashed line). 
The dual hydrological structure, i.e., conduit and non-conduit, controls the water 
cycle in the karst basin. Rapid and turbulent flow in the conduit is much faster than 
that in the non-conduit water which supplies the base flow in the basin. Flow 
velocities in well-developed and well-integrated conduit networks range on the order 
of hundreds to thousands of feet per day (White, 1988). During the rain event, the 
concentrated autogenic recharge of overland flow funnels into sinkhole depressions 
and then to the subsurface, yielding fresh water in the conduits. In most karst aquifers, 
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one or a few perennial springs, called underflow springs, carry the base-flow 
discharge of conduits (Worthington, 1991). Under this condition, conduits capture the 
non-conduit ground water from the surrounding aquifer matrix, adjoining fractures 
and the shallow perched epikarst zone. Stable water head usually exists to keep 
continuous spring discharge, which is defined as base level flow in the dry period 
(Taylor and Greene, 2008), and contributes greatly to the rivers in many karstic 
watersheds. Depending on the precipitation, the base flow was found to be about 50% 
~70% of total year discharge, with an average of 60% in the study area (Wang and 
Zhang, 2001). Therefore, there should be enough spaces for storing water in a long 
period in the basin, and the water discharge through perennial springs. There was no 
precipitation for more than 40 days before sampling in 2011. The springs at HZ17, 
HZ19 and HZ23 are also keeping continuous discharge, which should be base level 
flow. CFCs apparent age of these springs was assumed to be the mixed age of waters 
from non-conduit as the conduit system could be completely drained due to fast flow 
and piston flow without mixing. According to the binary mixing model and piston 
model (Figure 6-10), there is no fresh water in the springs in the dry period, indicating 
that the subterranean space is large enough to store water recharged decades ago in 
the basin.  
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6.4.2 Geochemical evolution and historical contaminant 
loading to aquifer in Gaoping basin 
6.4.2.1 Geochemical evolution 
In karstic aquifers, the physical and chemical characteristics of groundwater are 
determined by the geology characteristic of the aquifer, the predominant geochemical 
processes, the residence time and other factors such as the specific surface area for 
water–rock reactions, hydraulic conductivity and the flow regime (Bakalowicz, 1994; 
Manga, 2001; Moral et al., 2008). After the rainwater has recharged to groundwater 
through infiltration in the unsaturated zone, water-rock interactions involved in 
hydrogeochemical evolution start and trend toward physical-chemical equilibrium in 
karstic aquifers. As a result, contact time and contact area are important factors that 
impact the progress of the kinetic processes of hydrogeochemistry (Matthess, 1982). 
In Gaoping basin, the predominant geochemical process is the reactions between 
H2CO3 and minerals (calcite and dolomite) in the aquifers. In this respect, carbonate 
reactions are very important in controlling the composition of groundwater. In the 
groundwater flow system, the complete bicarbonate dissolution-equilibration 
sequence may be divided into several kinetic steps. When the CO2 gas dissolves in 
water, gaseous CO2 forms aqueous CO2, which associates to extent with water 
molecules to form carbonic acid (Appelo and Postma, 1993), 
   CO2 + H2O → H2CO3                                                             (6-2) 
Carbonic acid can be dissociated at two steps: 
 98 
 
H2CO3 → H+ + HCO3-                                        (6-3) 
HCO3- → H+ +CO32-                                          (6-4) 
The carbonic acid can react with carbonate minerals (such as calcite and dolomite) 
as follows: 
CaCO3 + H2O + CO2 → Ca2+ + 2HCO3-                           (6-5) 
CaMg(CO3)2 + 2H2O + 2CO32- →Ca2+ + Mg2+ + 4HCO3-             (6-6) 
The precipitation of calcite can be found where the sulfate ion appears in some 
content as follows: 
 CaSO4·2H2O + HCO3- → CaCO3 + 2H2O + H+ + SO42-               (6-7) 
 
Figure 6-11 Relationships between CFC-113 apparent age and (a) Ca2+, (b) Mg2+, (c) 
HCO3-, (d) SO42- in groundwater (The dashed line at SI=0 means the saturation of 
minerals in water). 
The interaction between groundwater and aquifer minerals involves kinetic 
processes such as the dissolution and precipitation of minerals (Lasaga, 1984). In 
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aquifers of the study area, large changes in free carbon dioxide occur within a 
relatively thin zone or interface between groundwater and surface water. Thus, closed 
condition can significantly affect the transport and fate of chemical components in 
waters. The soluble salts in the carbonates and sulfates are released out because the 
minerals are dissolved continuously from the surface of the water channels in the 
aquifers. The concentrations of main ions (Ca2+, Mg2+, HCO3- and SO42-) in carbonate 
system increased with the apparent age, indicating the concentrations of species 
derived from the geochemical processes are the function of residence time (Figure 
6-11). Because flow velocity trends to decrease with increasing depth (Matthess, 
1982), the variation of residence time coincides with the spatial distribution of 
CFC-113 apparent ages in the basin. It can be expected that dissolved ions from 
minerals in aquifers increase downstream, in other words, the more ions releases from 
minerals, the longer residence time is needed. 
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Figure 6-12 Relationships between CFC-113 apparent age and saturation index (SI) of 
minerals ((a) anhydrite ,(b) gypsum, (c) calcite and (d) dolomite) in groundwater. 
 
Table 6-3 Saturation index (SI) of minerals in groundwater calculated by PHREEQC.  
ID description SIAnhydrite SIGypsum SICalcite SIDolomite 
R1 stream -2.15 -1.94 1.16 2.35 
R2 stream -2.15 -1.93 1.01 2.01 
R3 stream -2.1 -1.88 1.17 2.39 
R4 stream -1.93 -1.71 0.92 1.89 
R6 stream -1.87 -1.65 0.94 1.9 
W1 spring -2.26 -2.02 0.24 0.42 
W2 spring -2.1 -1.85 -0.17 -0.4 
W4 spring -2.08 -1.83 -0.07 -0.29 
W12 spring -2.09 -1.85 -0.07 -0.21 
W13 spring -2.1 -1.86 0.01 -0.05 
W14 spring -1.72 -1.48 -0.05 -0.19 
W15 spring -2.34 -2.09 0.1 0.21 
W17 spring -1.6 -1.36 0.23 0.37 
W18 spring -2.18 -1.94 0 -0.09 
W3 groundwater -2.03 -1.78 0.21 0.36 
W5 groundwater -2.21 -1.97 0.09 0.14 
W6 groundwater -1.95 -1.71 0.25 0.4 
W7 groundwater -2.09 -1.83 0.24 0.3 
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W8 groundwater -1.62 -1.37 0.06 -0.01 
W11 groundwater -2.29 -2.06 0.01 0.02 
W16 groundwater -2.35 -2.11 0.02 -0.06 
 
The surface of contact for the water and rock interaction is thus limited in the joints 
and larger fissures of the aquifers that groundwater flow through in the study area. 
The kinetic interpretations are needed to understand hydrogeochemical evolution in 
the basin. The variations of chemical components in water can be assessed the 
saturation index (SI) of minerals involved in the aquifer. SI values has been calculated 
by PHREEQC (Parkhurst and Appelo, 1999) and are shown in Table 6-3. Compared 
with the CFC-113 apparent ages shown in Table 6-2, it was found that both calcite 
and dolomite are supersaturated in many sites. The SI values of calcite and dolomite 
seem to have low relation to the CFC-113 apparent age because the residence time of 
water in aquifers is long enough for them to reach and even excess the point of 
saturation (Figure 6-12). Therefore, their equilibrium compositions maintain through 
a variety of chemical reactions and physicochemical processes for the natural waters 
in the basin. 
However, both gypsum and anhydrite are unsaturated in groundwater, and their SI 
values increase with groundwater apparent ages (Figure 6-12). It suggests that 
gypsum and anhydrite dissolve continuously from the aquifers when the groundwater 
flows in the basin. The rate of their dissolution may be further influenced by both 
transport and surface reaction processes. It seems that more contact time are necessary 
for gypsum and anhydrite species to reach the level of saturation. As a result, gypsum 
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and anhydrite species are not expected for precipitation along the groundwater flow 
path across the basin. At the same time, the solution of dispersed gypsum causes a rise 
in the Ca2+ ion content and consequently a fall in the number of HCO3- and CO32- 
ions by precipitation of calcium carbonate.  
Therefore, the comprehensive understanding of hydrogeochemical evolution in the 
karstic basin should involve not only the geochemical reactions between the water and 
aquifer, but also the residence time in the groundwater flow system. 
6.4.2 Historical contaminant loading to aquifer 
Contaminants in groundwater can be transported into adjacent surface water along the 
flow. The historical increasing of nitrate concentrations which influenced by 
anthropogenic activities can be identified by groundwater ages (Hinkle et al., 2007; 
Katz et al., 2001b). The close relationship between land use and nitrate contamination 
prompts direct identification of nitrate sources or determination of the nitrate 
concentration from the land use type in the capture or buffer zone of groundwater. 
Groundwater ages provide useful information to assess the recharge time and 
vulnerability of aquifers to contamination, in particular, to characterize nitrate 
contamination in many studies (Böhlke and Denver, 1995; Böhlke et al., 2007; Hinkle 
et al., 2007; Katz et al., 2001a). Different from Ca2+, Mg2+, HCO3- and SO42-, the ions 
such as NO3-, Cl-, Na+ and K+ are not major components of the aquifers in the basin. 
The leaching of industrial waste and fertilizer used in agricultural production into 
aquifers could lead to the increase of NO3-, Cl-, Na+, K+ in groundwater and surface 
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water (Lang et al., 2006). In the basin, the concentrations of dissolved oxygen and 
nitrate suggest an oxidizing environment where denitrification can be negligible 
(Table 6-1). 
  Spatially, the concentrations of NO3- at W1, W2, W5, W6, W7, W8 and W18 were 
higher than other sites. Because the farmlands cover the most parts of basin, nitrate in 
groundwater might be mainly influenced by chemical fertilizers as non-point source 
pollution. As described above, the water of stream mainly receives water from springs 
and groundwater. The concentration of NO3- increases generally from upstream to 
downstream in stream, suggesting an increase in the anthropogenic inputs which 
discharged through springs and groundwater or some direct-discharge of domestic 
sewage along the Gaoping stream. 
 
Figure 6-13 Relationships between recharge year and (a) NO3-, (b) Cl-, (c) Na+ , (d) 
K+ in groundwater (the data of 2006 is from Wu P et al. 2009). 
Obviously, it should take some time for chemicals migrating in the basin depending 
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on where and when it enters the groundwater system. It was found that the 
concentrations of NO3-, Cl-, Na+ and K+ in groundwater have increased since 1969 
(Figure 6-13). Because the farmland is the main type of land use in the basin, the 
nitrate detectable in the springs and groundwater mainly come from fertilizers. 
According to the general soil survey by the local government, the contents of organic 
matter, total nitrogen (TN), total phosphorus (TP) were raised significantly from the 
1978 to 2002 in Zunyi, especially the TN grow from 1.87 to 2.38 g/kg with a growth 
of 27.3 % which of TP is 59.2 % (ZHU et al., 2007). The increase trend of NO3-, Cl-, 
Na+ and K+ from the end of 1970s to the mid-1980s is consistent the results of the 
general soil surveys in the last decades. Also, the low permeability of the stratum and 
the water recharge pattern may make the long residence time of NO3-, Cl-, Na+ and K+ 
in groundwater. Therefore, it is reasonable to consider the increasing of NO3-, Cl-, 
Na+ and K+ in groundwater indicates the historical change of fertilizers used in the 
basin.  
In the viewpoint of residence time, the high concentration of NO3-, Cl-, Na+ and K+ 
in springs and groundwater will continue for decades even if the fertilizer application 
is under controlled in reasonable level from now on. Therefore, it is important to 
consider the groundwater residence time for predicting variations of nitrate or other 
pollutants in the basin. 
6.5 Conclusion 
In Gaoping basin, CFC-113, hydrogen and oxygen isotopes and basic water 
 105 
 
chemistry were demonstrated to evaluate groundwater apparent ages, geochemical 
evolution and anthropogenic effect on karst aquifer system in a typical karstic basin, 
respectively. Hydrogen and oxygen stable isotopes of waters indicate that 
groundwater and stream are recharged by precipitation in the basin. The apparent ages 
of groundwater and springs based on CFC-113 are from 26 to 37.5 years. The 
distribution of groundwater ages and geomorphology indicates groundwater mainly 
flows from the northwest to the southeast, and finally discharges to the streams as 
springs through fault, fracture and conduit in the basin. 
The concentrations of Ca2+, Mg2+, HCO3-, SO42- in groundwater increased with the 
apparent age, indicating the geochemical evolution is a kinetic process involving flow 
system in the basin. Calcite and dolomite have been supersaturated in many sites and 
their SI values have nothing to do with apparent ages, because the time for 
groundwater flowing through the aquifer is long enough for them to become 
saturation. However, the SI values of gypsum and anhydrite in groundwater are below 
0 and increase with groundwater apparent ages, suggesting that they dissolve 
continuously from the aquifers through which the groundwater flows. At the same 
time, the solution of dispersed gypsum causes a rise in the Ca2+ ion content and 
consequently a fall in the number of HCO3- and CO32- ions by precipitation of 
calcium carbonate.  
When the groundwater discharges to the stream, it changes from a closed system to 
an open system for carbon dioxide in the basin. Because the dissolution of calcite and 
dolomite controlled by carbonic acid, when the groundwater flows out as spring, the 
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CO2 will release to atmosphere, which can result in the increasing of pH. In other 
word, reactions in aquifer will reach a new equilibrium, which affects SIs of calcite 
and dolomite in the springs and stream. The result of mixing modeling shows that the 
contribution of groundwater to stream decreases from 80 % at the reach between R1 
and R2 to 35 % at the reach between R3 and R4, then returns up to 75 % at the reach 
between R5 and R6. As a whole, the groundwater is the main agent to control quantity 
and quality of stream water in study area. 
The land use can be considered as dominant factor to affect the spatial distribution 
of NO3-, Cl-, Na+ and K+ in groundwaters. The changes of major ions in groundwater 
with time were tried to be reconstructed based on the CFC age dating. The temporal 
trend of NO3-, Cl-, Na+ and K+ is different from that of Ca2+, Mg2+, HCO3-, SO42-, 
indicating the difference between the anthropogenic effect and water-rock reaction. 
Therefore, the comprehensive understanding of hydrogeochemical evolution in the 
karstic basin should involve not only the geochemical reactions between the water and 
aquifer, but also the residence time for transporting chemicals in the groundwater 
flow system. 
In Houzhai basin, physiographic features and hydrogeologic characteristics are 
very complicated in karst regions, which can affect not only hydrologic cycle but also 
the hydrogeochemical evolution. Because evaporation and water use varied in 
different land uses, the spatial distribution of isotopes was used to differentiate the 
basin into three zones: RSRZ, SRZ and DZ. In general, the waters in SRZ and DZ are 
isotopically heavier than that of RSRZ, indicating that there is more water 
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contribution of SRZ to the zone of DZ than RSRZ. Based on isotopic composition, 
land use and characteristic of hydrological structure, the hydrologic processes in 
RSRZ, SRZ have been explained by conceptual models to reveal the relation among 
paddy field, river and subterranean river. 
CFC-12 and CFC-113 were used to assess the apparent age by binary mixing model. 
The results indicate that there is no fresh water in the springs in the dry period, and 
the subterranean space is large enough to store water recharged decades ago in the 
basin. Both rapid and turbulent flow, and slow piston flow exist in the karstic 
subsurface system, yielding a mixture flow of varied sources and ages. The mixing in 
the subterranean karst was thus identified as the dominant mechanism or dynamic 
process to form the well-developed karst subterranean structure. 
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Chapter 7 Hydrogeological processes in 
hard-rock fractured aquifer 
7.1 Introduction 
Hard-rock formations (composed of igneous and metamorphic rocks) cover more 
than 20% of the present continental surface. They are located in large shield areas and 
in the cores of mountain ranges. Groundwater from hard-rock aquifers constitutes a 
water resource that is important, but vulnerable to pollution. In Europe, as a 
consequence of their relatively poor productivity, these aquifers are presently 
under-exploited. Their use is, however, increasing in response to the increase of the 
water demand and the degradation of the surface river-water quality. In developing 
countries, which have semi-arid and arid climates, groundwater constitutes the only 
available resource. There are various sources of groundwater contamination which 
may have important consequences on the population’s health. However, even if 
anthropogenic activities could lead to a high degree of pollution of shallow 
groundwaters, recent studies have demonstrated that these aquifers can represent a 
major water resource that has not been fully investigated yet (Krasny and Hrkal, 2003; 
Oenema et al., 2004; Struckmeier et al., 2004; Tilman et al., 2002). 
Groundwater apparent ages in a hard-rock context are poorly constrained, and a 
wide range from 0 to 140 a has been proposed (Mazurek et al., 1996). However, 
groundwater apparent age determination is a key parameter to understand the 
hydrochemical functioning of aquifers, pollution transfer, mixing processes and 
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relationships between surface water and groundwater (Cook and Solomon, 1995; 
Cook et al., 2005; McGuire et al., 2005; Modica et al., 1998; Rademacher et al., 2001; 
Toth and Katz, 2006). It is particularly important to define the response lag time of an 
aquifer to diffuse pollution so as to set up appropriate and realistic remediation 
strategies. Furthermore, only a few investigations on hard-rock aquifers have been 
carried out to address a detailed combined characterization of groundwater chemistry 
and age (Aeschbach-Hertig et al., 1998; Bockgard et al., 2004; Cook and Simmons, 
2000; Plummer et al., 2001). Despite the complex hydrogeology of granitic rocks, 
application of environmental tracers has led to a better understanding of the recharge 
processes (Scanlon et al., 2002). 
The purpose of this study is to understand processes of groundwater flow and 
mechanism of geochemical evolution involving weathered and mixing (between 
young and old water) using major ions and CFCs in the hard rock region of 
Fukushima Prefecture, Japan. 
7.2 Site description and method 
7.2.1 Site description 
The study area (37.58-37.61 N, 140.63-140.68 E) is in the Kuchibuto river basin in 
Kawamata-machi, Date-gun, Fukushima Prefecture, Japan (Figure 4-1). The 
Kuchibuto river is the east coast tributary of Abukuma river in the south slope of 
Kuchibuto mountain which is located about 30 km from the 1st nuclear power plant. 
The climate belongs to subtropical warm-marine climate, annual average 
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temperature is 9.98 ℃, and the elevation of recharge area is about 670 m. The mean 
annual precipitation in the basin is about 1200 mm. The geology of the basin mainly 
consists of granite.  
 
Figure 7-1 Location of sampling sites of study area in Fukushima Prefecture. 
7.2.2 Method 
The sampling for groundwater age determination and geochemical analyses was 
carried out on Jan. 8th-9th, 2012. Water samples for groundwater age determination 
were collected from the sampler immediately after well sampling, washing through at 
least three volumes of the glass ampoule before closing it. No contact with air was 
allowed during sampling. Potential air contamination was also checked by repeated 
sampling and analyses. EC, DO, pH and ORP were measured directly in the field. 
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7.3 Result 
7.3.1 The characteristics of groundwater geochemistry 
 
Figure 7-2 The distribution of water type for groundwater in study area. 
The water chemical parameters and concentration of major ions were listed in Table 
7-1. It was found that the pH values of water in the study area ranged from 5.50 to 
8.08. The temperature were changing between 2.1 and 9.7 ℃. The average values of 
pH and temperature were 6.53 and 5.28 ℃. The DO ranged 4.60-9.37 mg/l with 
average value of 7.76 mg/l. The value of EC ranged 28-104 µS/cm with average value 
57 µS/cm. Ca2+ and Na+ accounted for 71 % to 93 % of the total cations in the water. 
The concentration of Ca2+ and Na+ were ranging from 0.09 to 0.40 mol/l and from 
0.15 to 0.45 mol/l. HCO3− was the most abundant anion and accounted about 50 % to 
87 % of anions. It ranged from 0.30 to 1.17 mmol.l-1 with the average value of 0.55 
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mmol.l-1. Accordingly, the groundwaters in the basin belong to the Ca-Na-HCO3 type 
(Figure 7-2), and the water-rock reaction is not strong in the hard rock aquifer. 
7.3.2 Groundwater apparent age of CFCs 
The groundwater apparent ages were estimated using the recharge elevation of 670 m 
and the recharge temperature of 9.98 ℃ which is the mean annual air temperature in 
the basin. The values of DO and ORP at all sites reveal that groundwaters were 
undergoing the aerobic environment (Table 7-1), indicating CFCs were not affected 
by microbial degradation. In the present study, CFC-11, CFC-12 and CFC-113 were 
measured and the apparent ages were estimated. Firstly, the partial pressure in the air 
was calculated based on the measured concentrations. With regard to the sample of 
number 9, the CFC-11 and CFC-12 exceeded the dating range and couldn’t be used to 
estimate the groundwater age Because of contamination during flowing in the city 
pipe. In spite of the CFC-113 was in the calculable range, it couldn’t be used to 
groundwater age estimation because of the potential contamination. Except for the 
sample of number 9, the partial pressure in the air was from 226.46 to 329.22 pptv for 
CFC-12, from 74.13 to 189.89 pptv for CFC-11 and from 24.76 to 55.17 for CFC-113, 
respectively. Based on the result of partial pressure in the air, the corresponding ages 
of each CFC were estimated based on the historical mixing ratio of CFCs in the North 
American air. In a word, apparent ages of each CFC were not coincident which may 
be modified by some processes (Table 7-2).  
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Table 7-1 Basic parameters and the concentration of major ions in groundwater of the study area. 
ID T (℃) pH 
EC 
(μS/cm) 
ORP  
(mv) 
DO 
 (mg/l) 
Na+ 
(mmol/l) 
K+ 
(mmol/l) 
Ca2+ 
(mmol/l) 
Mg2+ 
(mmol/l) 
HCO3- 
(mmol/l) 
Cl- 
(mmol/l) 
NO3- 
(mmol/l) 
SO42- 
(mmol/l) 
1 5.2 8.08 44.5 237 8.96 0.24 0.03 0.14 0.06 0.38 0.09 0.05 0.05 
2 4.9 6.81 31.7 310 8.53 0.15 0.01 0.09 0.01 0.30 0.05 0.00 0.01 
3 9.7 7.31 63.4 271 7.11 0.21 0.02 0.26 0.09 0.63 0.10 0.06 0.03 
4 9.6 7.30 90.5 272 7.02 0.18 0.03 0.40 0.20 1.17 0.09 0.08 0.01 
5 6.9 6.82 42.9 290 8.74 0.20 0.02 0.20 0.05 0.52 0.06 0.01 0.01 
6 6.1 6.04 45.5 332 7.34 0.20 0.02 0.18 0.03 0.33 0.09 0.04 0.03 
7 2.1 5.50 84.9 344 5.90 0.22 0.08 0.34 0.10 0.46 0.11 0.16 0.20 
8 2.9 6.22 54.6 315 8.45 0.32 0.01 0.26 0.04 0.68 0.09 0.05 0.02 
9 6.4 5.94 103.8 315 8.30 0.45 0.05 0.40 0.12 0.81 0.27 0.13 0.13 
10 3.7 5.87 36.4 340 4.60 0.27 0.01 0.39 0.19 0.68 0.27 0.23 0.08 
11 2.4 6.04 89.7 349 9.37 0.25 0.01 0.18 0.02 0.48 0.08 0.00 0.02 
12 2.8 6.11 27.7 360 8.60 0.18 0.01 0.11 0.02 0.35 0.06 0.00 0.01 
13 6 6.91 31.8 352 7.98 0.20 0.01 0.12 0.02 0.38 0.05 0.00 0.02 
14 5 6.87 61.5 315 9.33 0.28 0.03 0.31 0.08 0.70 0.17 0.06 0.04 
15 4.7 6.85 51.1 279 8.75 0.22 0.02 0.27 0.07 0.65 0.11 0.07 0.03 
16 7.3 7.29 18.7 273 7.95 0.23 0.01 0.21 0.06 0.53 0.11 0.05 0.03 
17 3.6 6.92 55.1 285 9.95 0.24 0.03 0.23 0.07 0.63 0.11 0.06 0.04 
18 2.3 7.14 55.1 276 10.39 0.24 0.02 0.25 0.07 0.65 0.10 0.07 0.04 
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Table 7-2 Calculated atmospheric mixing ratio of CFC-11, CFC-12, and CFC-113; and piston-flow model recharge year and ages for sampled 
groundwater. 
ID 
Calculated atmospheric mixing ratio (pptv) Piston-flow model recharge year Piston-flow model age (yrs) 
CFC-12 CFC11 CFC-113 CFC-12 CFC-11 CFC-113 CFC-12 CFC-11 CFC-113 
1 323.48 138.55 40.48 1981 1976.5 1984.5 30 34.5 26.5 
2 288.13 110.26 36.62 1978 1974.5 1983.5 33 36.5 27.5 
3 241.00 105.76 53.70 1975.5 1974 1986.5 35.5 37 24.5 
4 329.22 110.35 36.55 1981 1974.5 1983.5 30 36.5 27.5 
5 328.64 124.56 55.17 1981 1975.5 1987 30 35.5 24 
6 281.10 120.68 43.65 1977.5 1975 1985 33.5 36 26 
7 226.46 74.13 30.23 1975 1971.5 1982 36 39.5 29 
8 274.68 120.90 47.58 1977.5 1975 1985.5 33.5 36 25.5 
9 914.42 510.75 48.12 excess excess 1986 - - 25 
10 314.49 189.89 32.36 1980 1982.5 1982.5 31 28.5 28.5 
11 295.26 122.25 46.84 1978.5 1975.5 1985.5 32.5 35.5 25.5 
12 282.63 112.71 24.76 1978 1974.5 1980.5 33 36.5 30.5 
13 287.31 125.41 52.98 1978 1975.5 1986.5 33 35.5 24.5 
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Table 7-3 Results of groundwater mixing based on CFC-12 and CFC-113 using binary mixing model.  
ID 
Calculated atmospheric mixing ratio (pptv) 
Old water Young water 
Atmospheric mixing ratio (pptv) 
Ratio of young water (%) 
The minimum mean 
apparent age CFC-12 CFC-113 CFC-12 CFC-113 
1 323.48 40.48 
before  
1940 
1987.0 433.59 54.24 74.60 36 
2 288.13 36.62 1987.5 449.31 57.74 64.13 41 
4 329.22 36.55 1985.5 403.26 45.18 81.64 34 
6 281.10 43.65 1991.0 503.38 78.75 55.84 43 
6 281.10 43.65 1998.0 542.12 84.30 51.85 41 
7 226.46 30.23 1988.0 459.47 61.22 49.29 47 
10 314.49 32.36 1984.5 386.232 39.70 81.42 35 
11 295.26 46.84 1996.0 535.7 85.0 55.11 40 
12 282.63 24.76 1982.5 352.7 30.8 80.13 37 
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7.4 Discussions 
As mentioned in the section of the result, the apparent ages of each species of CFC 
are not coincident. Based on the effects and processes that can modify apparent CFC 
ages discussed in the chapter 4, the effects of contamination (all of CFCs in the 
reasonable range), unsaturated zone (below 10 m in the study area), sorption (the 
strata are compose of granitic rock without organism) and microbial degradation 
(under the aerobic environment) should don’t work in the present study area. The 
recharge temperature is reasonably estimated as the mean annual average temperature 
which has been discussed in the chapter 4. With respect to the recharge elevation, it 
should be used the mean elevation of Kuchibuto mountain which is the recharge area 
of the study basin. Therefore, the remaining process of mixing is worth to discuss in 
this study. 
These data were plotted to show whether the samples recharged at air–water 
equilibrium and/or diluted by mixing with CFC-free water (Figure 7-3). The solid line 
on the figure represents the piston flow based on the historical recorded partial 
pressure (pptv) of CFC-12 and CFC-113 in North American air. The atmospheric gas 
partial pressure would be in equilibrium with the measured concentrations in the 
water calculated under the local conditions such as the recharge temperature and 
recharge elevation. Simple binary mixtures of water recharged from the years of 
1982.5 to 1998/1991 with old CFC-free water are shown as dashed lines. It was found 
that most groundwater samples were in the binary mixing area except for sample 3, 5, 
8 and 13 which may be affected by the slight contamination in processes of mixing 
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with waters contacted with air (Figure 7-3). The mixing results of remaining samples 
are present in the figure 7-2 and the table 7-3. The ages of young end member (young 
groundwater) of mixture is ranging from year of 1998 to 1982.5. There are two 
samples mixed between waters of 1990s and those before 1940, the others are 
mixtures of 1980s and old waters (before 1940).  
 
Figure 7-3 Plots comparing CFC-12 and CFC-113 mixing ratio in air (pptv) if 
unaffected by mixing (piston flow, solid line), and in binary mixtures of young 
groundwater with old CFC-free groundwater (dashed lines).  
The study area belongs to the hard-rock aquifer, and the structure of hard-rock 
aquifers is complex. Due to a decreasing weathering intensity from the surface to 
depth, hard-rock aquifers are divided into three major zones (Aquilina et al., 2004; 
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Berkowitz, 2002; Bonnet et al., 2001; Durand et al., 2006; Maréchal et al., 2004; 
Mazurek et al., 1996; Taylor and Howard, 2000; Van der Hoven et al., 2005; Wyns et 
al., 2004). (1) The unconsolidated saprolite, called the weathered layer, is a capacitive 
layer and mostly ensures the storage function of the aquifer. In eroded areas, the 
thickness of this layer can be drastically reduced. (2) The underlying 
weathered-fissured zone shows a lesser degree of weathering and ensures the 
transmissive function of the aquifer. In this layer, the first few meters are 
characterized by dense horizontal fissuring and this fracture density decreases with 
depth. Nevertheless, recent studies have demonstrated that the homogeneous 
hydrogeological properties of the water reservoir can be defined for the overall 
weathered-fissured horizon (Maréchal et al., 2003, 2004, 2006). (3) Finally, the deep 
fractured part corresponds to the fresh and fractured rock, where the main 
permeability is related to tectonic fractures. The transition between the two latter parts 
(weathered-fissured and fractured) is gradual, and thus not easy to locate accurately. 
Consequently, these two parts are often considered as the origin of old waters in this 
study. 
A major hydrogeological division exists between the weathered layer on the one 
hand and the weathered-fissured layer and the fresh, fractured rock on the other hand. 
The weathered layer can be considered as a porous medium. The occurrence of 
fissures in the weathered-fissured layer and the deep fractured part favors preferential 
fluxes and can be represented as a dual porosity system. In the fractured medium, 
however, the water reservoir properties will depend on fissure and fracture connection 
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and distribution. Assessing precise characteristics (volume, thickness, watershed area, 
etc.) of this type of aquifer is difficult and determining hydrogeological equivalent 
properties at different scales constitutes an important research domain (Berkowitz, 
2002; Cook et al., 2005; Neuman, 2005; Voss, 2005). Therefore, the CFCs were used 
to assess the groundwater flow in this aquifer. 
 
Figure 7-4 Concept hydrogeological section of slope containing the probable 
groundwater flow in the study area. 
In a word, the samples can be classified as three types: 1) type 1 is the groundwater 
which is the mixture between young water (after 1940) and old water (before 1940) 
affected by the current waters in the weathered zone; 2) type 2 is the mixed 
groundwater between young water of 1990s and old water without contamination by 
current water in the transition zone; and 3) type 3 is the groundwater mixed between 
young water of 1980s and old water in the fracture zone (Figure 7-3 and 7-4).  
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The mechanism of groundwater flow can used to assess the dissolved substances 
which may have materials with high levels of toxicity or radioactivity, i.e. the sample 
of 9 in this study, the groundwater is obviously contaminated by the current air or 
water including radioactive materials which is released from the nuclear power plant 
accident at Fukushima Dai-ichi site. It should be taken for granted that the water 
shouldn’t be drunk or used to live. The groundwaters of type 1 may be also 
contaminated lightly by the current water which are also can’t be used for living. With 
respect of groundwaters of type 2 and type 3, it should have no current water of air 
based on the binary mixing model, and can be used to living if it can meet the 
standard of domestic water. 
7.5 Conclusion 
In the study aquifer, the water type of groundwater belongs to the Ca-Na-HCO3 type. 
The groundwater in the aquifer is not contaminated by the human activities, and the 
water-rock reaction is also not strong in the hard rock aquifer.  
Based on the characteristics of CFCs in the groundwater, the samples can be 
classified as three types which are related to the aquifer structure. The three types of 
groundwater flow in different zone of the aquifer are also estimated related to the 
characteristics of CFCs and aquifer structure of hard rock.  
In addition, the degree of effect by radioactive materials released from the nuclear 
power plant accident at Fukushima Dai-ichi site is also assessed indirectly. Except for 
the sample of number 9, the groundwaters of type 1 may be also contaminated lightly 
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by the current water which are also can’t be used for living. With respect of 
groundwaters of type 2 and type 3, it should have no current water of air based on the 
binary mixing model, and can be used to living if it can meet the standard of domestic 
water. 
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Chapter 8 Comparative study on 
hydrogeological processes in different 
aquifers of humid regions 
8.1 Introduction 
Chlorofluorcarbons (CFCs) are widely used as hydrological tracers based on 
groundwater age dating. Laboratory and field studies have consistently shown that 
CFCs are stable in aerobic groundwater environments; thus, groundwater 
concentrations can reflect atmospheric values at the time of recharge. But in anaerobic 
environments, CFCs can be susceptible to degradation by dechlorination reactions.  
In aquifers with redox clines present (Postma et al., 1991), labile electron donors 
such as organic carbon or reduced sulfur compounds may be weathered from the 
shallow zone, but can remain in underlying zones at concentrations sufficient to 
rapidly deplete dissolved oxygen (DO). Thus, further assessment of CFC persistence 
under varying redox environments is needed in different types of aquifers in humid 
region. 
If CFCs is stability and usability in groundwater for dating, the three types of CFC 
can be used as tracers for groundwater flow and the mechanism of geochemical 
processes. If water reaching a well or discharging at a spring is nearly uniform 
residence time as if the water flowed through a pipe from recharge area to discharge 
area without mixing during transit, it can be considered as piston-flow model (PFM), 
where apparent ages of CFC-11, CFC-12 and CFC-113 are uniform. In many cases, 
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the identification of water mixing processes can give useful information in 
hydrological investigations. In such cases, the assumption of mixing of two different 
water masses is often taken as a simple working approach. This approach, here called 
binary groundwater mixing, is widely used for the interpretation of variations of 
physical and chemical parameters in a set of samples of a given hydrological system.  
Here, the simplest binary mixing model (BMM) is assumed, which is a mixture of 
water with distinct CFC concentrations and CFC-free water. This simplifying 
approach often is a good working hypothesis for many real case studies. It can be 
easily extended to the general case of mixing of two water fractions with different 
CFC concentrations (IAEA, 2006).  
Similar to the method comparing 14C and 3H ages for a given sample, a 
contradictory combination of apparent CFC ages is occasionally observed for 
groundwater samples. For example, a low CFC-12 concentration in a water sample 
may indicate that the water was recharged before 1957, but its detectable CFC-113 
concentration indicates recharge after 1957 (see atmospheric CFC input functions). 
The contradicting combination of apparent ages may indicate possible mixing. 
On the other hand, groundwater dating technique can also involve calibrating the 
rate of geochemical weathering reactions, specifically for reactions that do not reach 
either equilibrium or partial-equilibrium states in an aquifer. The idea is to calibrate 
the rates of these irreversible reactions in parts of the aquifer where other dating 
methods apply. For example, some studies have combined geochemical mass-balance 
models with 3H/3He and CFC dating to determine chemical weathering rates in 
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crystalline-rock aquifers and watersheds (Burns et al., 2003; Rademacher et al., 2001). 
Groundwater age also used to calibrate the release rate of Na and HCO3 to ground 
water in siliciclastic rocks in the eastern USA using CFC dating on the 0–30 years 
timescale to estimate ages of more than 100 years for waters with elevated Na and 
HCO3 (Burton et al., 2002).  
Therefore, the goal of this chapter is to understand groundwater geochemistry and 
flow systems in temporal perspective in different aquifers of humid region. 
8.2 Site description and method 
8.2.1 Site description 
Site descriptions of each study area are shown in chapter 4, 6 and 7. 
8.2.2 Method 
The method is shown in chapter 3, 4, 5, 6 and 7.  
8.3 Result and discussion 
8.3.1 The effect of redox processes on CFCs 
8.3.1.1 The sequences of redox processes in groundwater 
Reduction and oxidation processes exert an important control on the natural 
concentrations of O2, Fe2+, SO42-, H2S, CH4, etc. in groundwater. They also 
determine the fate of pollutants like nitrate and other dissolved organic matter (such 
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as CFCs) leaching from agricultural fields, contaminants leaching from landfill sites, 
industrial spills, or heavy metals in acid mine drainage. Redox reactions occur 
through electron transfer from one atom to another and the order in which they 
proceed can be predicted from standard equilibrium thermodynamics. However, the 
electron transfer is often very slow and may only proceed at significant rates when 
mediated by bacterial catalysis. An example is the reduction of sulfate by organic 
matter which occurs both in aquifers and in marine sediments. The reaction is 
immeasurably slow abiotically, but microbes like Desulfovibrio sp. produce enzymes 
that catalyze the process and the reaction proceeds rapidly in natural environments. 
Redox processes in groundwater typically occur through the addition of an oxidant, 
like O2 or NO3- to an aquifer containing a reductant. However, the addition of a 
reductant, such as dissolved organic matter (DOC) that leaches from soils or landfills 
can also be important.  
 
Figure 8-1 Redox zoning along the flow path (modified from Lovley and Goodwin, 
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1988). 
  Figure 8-1 shows the evolution in groundwater composition along the flow path in 
the Middendorf aquifer (Lovley and Goodwin, 1988). The groundwater is already 
anoxic near the zone of recharge but nitrate and sulfate are still present as electron 
acceptors. Downstream, first nitrate is reduced, and next the reduction of Fe-oxides 
leads to an increase of the Fe2+ concentration. Subsequently sulfate is reduced and the 
precipitation of iron sulfide causes a decrease in the Fe2+ concentration. Finally, 
methane appears in the groundwater. 
 
Figure 8-2. The sequence of reduction processes as displayed in groundwater 
chemistry (Appelo and Postma, 2005). At right is Berner’s (1981) classification of 
redox environments together with solids expected to form in each zone. 
  Taking organic matter as the driving reductant, the water chemistry may change as 
illustrated schematically in Figure 8-2. For some electron acceptors (O2, NO3-, SO42-) 
it is the disappearance of a reactant while in other cases (Mn2+, Fe2+, H2S and CH4) it 
 128 
 
is the appearance of a reaction product that is notable in the groundwater composition. 
In the region dominated by sulfate reduction the Fe2+ concentration may decrease as 
the result of precipitation of iron sulfides. Redox environments are often characterized 
by the dominant ongoing redox process as indicated by the water chemistry (Berner, 
1981; Champ et al., 1979). 
  Integrate the characteristics of redox evolution in groundwater discussed above 
with the characteristics of redox species (Table 8-1), the evolution of redox condition 
in the homogeneous aquifer where groundwater discharged through wetland is from 
the post-oxic stage to the methanic stage, and most of groundwaters in the other two 
types of aquifers are under oxic condition. 
8.3.1.2 Fate of CFCs in different aquifers of humid region 
Before 1989, CFCs have been expected to be resistant to biotransformation (Rowland 
and Molina, 1975) because of the chemical stability. Then, however, it was reported 
for the first time that CFC-11 and CFC-12 can be dechlorinated in anaerobic 
ecosystems such as termite mounds (Khalil and Rasmussen, 1989) and in rice fields 
(Khalil et al., 1990). Later, CFC-11 dechlorination under anaerobic conditions has 
been observed in methanogenic sediment (Lovley and Woodward, 1992), anoxic 
aquifer (Simmons et al., 1992), contaminated groundwater (Sonier et al., 1994), 
anoxic marine water (Shapiro et al., 1997), municipal solid waste (Ejlertsson et al., 
1996), and in compost and marl (Deipser, 1998). Abiotic controls did not exhibit 
dechlorination activity. The CFCs serve as electron acceptors, as are nitrate, iron(III), 
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sulfate, and CO2 in groundwater.  
In various anaerobic environments such as compost, sediments, and pond water, the 
rate of CFC-11 disappearance was about 10 times faster than the rate of CFC-12 
disappearance (Oster et al., 1996). In summary, reductive dechlorination of CFCs 
appears to be a widespread phenomenon in anaerobic ecosystems, with the order of 
reactivity being CFC-11>CFC-113>CFC-12., As the result showed in the table 8-1, 
the CFCs are affected by the anaerobic environments under different stages in the 
homogeneous aquifer of Ichikawa headwater wetland Based on the rules discussed in 
the chapter 4, and CFCs in karstic and hard-rock fractured aquifers are basicly not 
affected by the microbial degradation. Therefore, when the CFCs are used in the 
aquifer where groundwater flow through wetland or organic matter enrichment zone, 
the microbial degradation should be paid adequate attention and assessed the usability 
of CFCs before used to date groundwater. 
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Table 8-1 The summary of CFCs (CFC-11, CFC-12 and CFC-113) effected under different redox conditions. 
Redox 
sequence Type of aquifer ID 
DO 
(mg/l) 
ORP 
(mv) 
NO3- 
(mmol/l) 
SO42- 
(mmol/l) 
Fe2+ 
(μmol/l) 
CH4 
(mmol/l) CFC-11 CFC-12 CFC-113 
Methanic 
Homogeneous 
aquifer 
R2-1m 0.14 -26 0.00 0.01 42.14 0.32 Affected Affected Affected 
Sulfidic R2-2m 0.13 -189 0.00 0.21 0 0 Affected Unaffected Affected R2-3m 0.68 -244 0.01 0.31 0 0 Affected Unaffected Affected 
Post-oxic 
S6-1m 3.30 86 0.26 0.10 0 0 Affected Unaffected Unaffected 
S6-2m 2.00 185 3.18 0.02 0 0 Affected Unaffected Unaffected 
S6-3m 1.67 198 5.75 0.12 0 0 Affected Unaffected Unaffected 
S15-1m 4.45 172 0.57 0.01 0 0 Affected Unaffected Unaffected 
S15-2m 2.42 169 3.91 0.02 0 0 Affected Unaffected Unaffected 
S15-3m 3.25 176 3.06 0.03 0 0 Affected Unaffected Unaffected 
Oxic 
Karstic and 
hard-rock fractured 
aquifers 
- 3.24~ - - - - -  Unaffected Unaffected 
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8.3.2 The characteristics of groundwater flow in different 
aquifers 
The movement of surface water and groundwater is controlled to a large extent by 
topography and the geologic framework of an area (Winter, 1999). Groundwater 
pumped from a well or discharging from a spring may be a mixture of the different 
waters reaching the sampling point. Piston flow and binary mixing are hypothetical 
models that can be used to describe the variation in groundwater mixtures (Cook and 
Böhlke, 2000). If water reaching a well or discharging at a spring is nearly uniform 
residence time as if the water flowed through a pipe from recharge area to discharge 
area without mixing during transit, it can be considered as piston-flow model (PFM). 
Binary mixing model (BMM) is one of the simplest mixing models to dealing with the 
mixing processes between young water and old water. If the old fraction is free of 
CFCs, and no other processes affect their concentrations other than air-water 
equilibrium, the ratio CFC-113/CFC-12 may be proved useful in dating mixtures of 
young and old water. Once the age of the young fraction is determined, the proportion 
of young water in the mixture can be determined from the ratio of the tracer 
concentration of the sample to the concentration expected for an unmixed sample of 
age corresponding to the young-fraction age. In this thesis, the CFC-12 and CFC-113 
were used to assess the groundwater flow characteristics as following: 
In the homogenous aquifer of Ichikawa headwater wetland, the groundwater flow 
can be attributed to the mixing between young (~50 years) and old groundwater (50 
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years~) in the deep aquifer and piston flow in the shallow aquifer. Because the aquifer 
is homogenous, the depth of the piston flow in the aquifer can be estimated as about 
12~13 m from the surface of wetland based on data of the groundwater age and water 
balance in 33 years. 
In the Gaoping karstic aquifer where the karstification isn’t developed, the 
groundwater can be considered as flowing through karstic fractures or pipes. For the 
spatial distribution of CFC-113 apparent age, the groundwater in northwest part was 
younger than that of southeast part in the basin. Therefore, the groundwater flow can 
be considered as piston flow from northwest to southeast part in the aquifer, with 
which the groundwater age is increasing. In contrast, the groundwater flow in 
Houzhai karstic basin is considered as mixing flow between young and old water 
because the karstification have been adequately developed compared with the 
Gaoping karstic aquifer. 
In the hard-rock fractured aquifer of Kuchibuto river basin, the groundwater flow 
can be classified as three types: 1) mixing between young water (after 1940) and old 
water (before 1940) affected by the current waters in the weathered zone; 2) mixing 
between young water of 1990s and old water without contamination by current water 
in the transition zone; and 3) mixing between young water of 1980s and old water in 
the fracture zone. In a word ,the characteristic of groundwater flow is mixing in 
different layers. 
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8.3.3 The characteristics of geochemical evolution in 
different aquifers 
Under natural condition, most groundwater originates as rain or snowmelt infiltrating 
through the soil zone to the water table. From there it moves through various geologic 
units and eventually reaches a discharge point. As this movement occurs the chemical 
composition of the groundwater changes as it interacts with different minerals in the 
various rocks encountered along the flow path. In the literature this geochemical 
evolution of the groundwater has been described by a variety of methods. 
Hydrogeologists have traditionally regarded the major-ion chemistry of groundwater 
as being controlled primarily by the time and distance travelled by the water within 
the flow system. This view holds that as groundwater moves along its flow path and 
increases in age (Palmer and Cherry, 1984). But the mechanism of groundwater 
geochemical evolution is complex under the conditions affected by human activities, 
such as using of chemical fertilizers and infiltration of wastewater. Also, the redox 
condition can change the groundwater types along the flow path. Therefore, it become 
difficult to understand the geochemical evolution of groundwater. In this thesis, the 
controlling factors of geochemical evolution are different based on the various 
conditions in the different aquifers. 
In the homogenous aquifer of Ichikawa headwater wetland, the geochemical 
evolution can be divided into two steps: (1) releasing processes from the aquifer by 
water-rock interaction and/or input of human activities which happened before flowed 
into the wetland zone, and (2) the purifying process when groundwater flow through 
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the wetland zone which is the basic condition of the biogeochemical processes. In the 
first step, the obvious characteristics is increasing of NO3- and maintaining high 
concentration of NO3-. After flow into the wetland zone, decreasing of nitrate with the 
flow path indicate the biological processes removed the nitrate and produced the CO2 
simultaneously. In the whole flow path, the major ions don’t increase with the flow 
path (or residence time) due to the biogeochemical processes in wetland zone. 
  But in the Gaoping karstic aquifer where the karstification isn’t developed, the 
aquifer is relative simple, the groundwater age is increasing with the flow path. 
Therefore, the groundwater age reflects the length of the groundwater flow path. The 
concentrations of Ca2+, Mg2+, HCO3-, SO42- in groundwater increased with the 
apparent age, indicating the geochemical evolution is along the flow path. Calcite and 
dolomite have been supersaturated in many sites and their SI values have nothing to 
do with apparent ages, because the time for groundwater flowing through the aquifer 
is long enough for them to become saturation. However, the SI values of gypsum and 
anhydrite in groundwater are below 0 and increase with groundwater apparent ages, 
suggesting that they dissolve continuously with the groundwater flow path. In a word, 
the geochemical evolution of groundwater in Gaoping karstic aquifer is mainly 
controlled by the water-rock interaction. 
In the hard-rock fractured aquifer of Kuchibuto river basin, the groundwaters in the 
basin belong to the Ca-Na-HCO3 type. The concentration of ions is low with no 
evidence of the effect of pollution, indicating that the slow water-rock interaction in 
the hard-rock fractured aquifer. Because of the mixing between groundwaters with 
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different ages, the trend of geochemical evolution can’t be illustrated with ages. 
8.4 Conclusion 
For the usability and/or stability of CFCs in groundwater, the evolution of redox 
condition in the homogeneous aquifer where groundwater discharged through wetland 
is from the post-oxic stage to the methanic stage, where the CFCs are affected and 
should be paid adequate attention and assessed the usability of CFCs before used to 
date groundwater. Most of groundwaters in the karstic and hard-rock fractured 
aquifers are under oxic condition where CFCs are considered as unaffected by 
degradation. 
With respect to the characteristics of groundwater flow in different aquifers: (1) the 
groundwater flow in the homogenous aquifer of Ichikawa headwater wetland include 
piston flow from the depth of 12~13 m of wetland and the mixing flow in the deep 
aquifer; (2) the groundwater flow are considered as piston flow in the Gaoping karstic 
aquifer and mixing flow in Houzhai karstic aquifer; (3) the groundwater flow in the 
hard-rock fractured aquifer of Kuchibuto river basin is mixing flow in different layers. 
Concerning the geochemical evolution in different aquifers, the geochemical 
evolution can be divided into releasing processes from the aquifer by water-rock 
interaction and input of human activities, and the purifying process when groundwater 
flow through the wetland zone in the homogenous aquifer of Ichikawa headwater 
wetland. But in the Gaoping karstic aquifer where the karstification isn’t developed, 
the geochemical evolution of groundwater is controlled by the water-rock interaction 
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along the flow path. In the hard-rock fractured aquifer of Kuchibuto river basin, the 
water-rock reaction is slow based on low concentrations of major ions. 
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Chapter 9 General conclusions and future 
works 
9.1 General conclusions 
The multiple tracer studies using CFC age dating study are used to assess the 
hydrological processes, geochemical evolution and the construction of historical 
contamination in four different aquifers (wetland basin, karstic basin and hard rock 
basin). Based on the results, the main conclusions are presented as the follows: 
 
1) In the wetland basin in Ichikawa City, Chiba Prefecture, the effects and processes 
that can modify the CFC apparent age have been discussed. Of the processes, the 
reduction conditions and the mixing processes have been mainly discussed. Based on 
the spatial distribution of NO3-, ORP, Fe2+, SO42- and CH4 in the study wetland, 
denitrification environment is prevailing in piezometers of two sides, sulphate 
reducing environment at the layer of 2 and 3 m in depth and methanogenic 
environment at the layer of 1m in depth in the middle of the wetland valley. Therefore, 
CFC-11 is not suitable for groundwater dating because of biodegradation. CFC-12 is 
working in the wetland except the layer 1m in depth in the middle of the wetland 
valley where methanogenic condition is prevailing. Because of the unstable under the 
sulphate reduction and/or methanogenic conditions in the middle of the wetland, 
CFC-113 is only used for dating at two sides. 
The difference of calculated apparent age between CFC-12 and CFC-113 is 
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attributed to the mixture between young and old groundwater. Among PFM, EMM, 
EPM and BMM, the binary mixing model and piston flow model are considered as 
the most possible flow types in the wetland. As a whole, groundwater age in the study 
wetland is estimated in the range of 38 to 48 years. 
2) With respect to the hydrological processes in the wetland basin, the depth of the 
groundwater flow in the aquifer can be estimated as about 12-13 m from the ground 
of wetland based on data of the groundwater age and water balance in 33 years. The 
recharge area is calculated as 0.94 km2.  
The geochemical evolution in the wetland basin is mainly controlled by the 
characteristics of groundwater flow and the biogeochemical processes in the wetland 
aquifer. Along the groundwater flow path, biological removal processes gradually 
become intense. The denitrification is the dominant nitrate removal process when the 
shallow groundwater flows through the aquifer which is rich in organic matter. 
3) In the Gaoping karstic basin, CFC-113, hydrogen and oxygen isotopes and basic 
water chemistry were demonstrated to evaluate groundwater apparent ages, 
geochemical evolution and anthropogenic effect on karst aquifer system in a typical 
karstic basin, respectively. Hydrogen and oxygen stable isotopes of waters indicate 
that groundwater and stream are recharged by precipitation in the basin. The apparent 
ages of groundwater and springs based on CFC-113 are from 26 to 37.5 years. The 
distribution of groundwater ages and geomorphology indicates groundwater mainly 
flows from the northwest to the southeast, and finally discharges to the streams as 
springs through fault, fracture and conduit in the basin. 
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The concentrations of Ca2+, Mg2+, HCO3-, SO42- in groundwater increased with the 
apparent age, indicating the geochemical evolution is a kinetic process involving flow 
system in the basin. Calcite and dolomite have been supersaturated in many sites and 
their SI values have nothing to do with apparent ages, because the time for 
groundwater flowing through the aquifer is long enough for them to become 
saturation. However, the SI values of gypsum and anhydrite in groundwater are below 
0 and increase with groundwater apparent ages, suggesting that they dissolve 
continuously from the aquifers through which the groundwater flows. At the same 
time, the solution of dispersed gypsum causes a rise in the Ca2+ ion content and 
consequently a fall in the number of HCO3- and CO32- ions by precipitation of 
calcium carbonate.  
When the groundwater discharges to the stream, it changes from a closed system to 
an open system for carbon dioxide in the basin. Because the dissolution of calcite and 
dolomite controlled by carbonic acid, when the groundwater flows out as spring, the 
CO2 will release to atmosphere, which can result in the increasing of pH. In other 
word, reactions in aquifer will reach a new equilibrium, which affects SIs of calcite 
and dolomite in the springs and stream. The result of mixing modeling shows that the 
contribution of groundwater to stream decreases from 80 % at the reach between R1 
and R2 to 35 % at the reach between R3 and R4, then returns up to 75 % at the reach 
between R5 and R6. As a whole, the groundwater is the main agent to control quantity 
and quality of stream water in study area. 
The land use can be considered as dominant factor to affect the spatial distribution 
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of NO3-, Cl-, Na+ and K+ in groundwaters. The changes of major ions in groundwater 
with time were tried to be reconstructed based on the CFC age dating. The temporal 
trend of NO3-, Cl-, Na+ and K+ is different from that of Ca2+, Mg2+, HCO3-, SO42-, 
indicating the difference between the anthropogenic effect and water-rock reaction. 
Therefore, the comprehensive understanding of hydrogeochemical evolution in the 
karstic basin should involve not only the geochemical reactions between the water and 
aquifer, but also the residence time for transporting chemicals in the groundwater flow 
system. 
4) In the Houzhai karstic basin, physiographic features and hydrogeologic 
characteristics are very complicated in karst regions, which can affect not only 
hydrologic cycle but also the hydrogeochemical evolution. Because evaporation and 
water use varied in different land uses, the spatial distribution of isotopes was used to 
differentiate the basin into three zones: RSRZ, SRZ and DZ. In general, the waters in 
SRZ and DZ are isotopically heavier than that of RSRZ, indicating that there is more 
water contribution of SRZ to the zone of DZ than RSRZ. Based on isotopic 
composition, land use and characteristic of hydrological structure, the hydrologic 
processes in RSRZ, SRZ have been explained by conceptual models to reveal the 
relation among paddy field, river and subterranean river. 
CFC-12 and CFC-113 were used to assess the apparent age by binary mixing model. 
The results indicate that there is no fresh water in the springs in the dry period, and 
the subterranean space is large enough to store water recharged decades ago in the 
basin. Both rapid and turbulent flow, and slow piston flow exist in the karstic 
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subsurface system, yielding a mixture flow of varied sources and ages. The mixing in 
the subterranean karst was thus identified as the dominant mechanism or dynamic 
process to form the well-developed karst subterranean structure. 
5) In the hard-rock fractured aquifer of Kuchibuto river basin in Kawamata-machi, 
Date-gun, Fukushima Prefecture, Japan, the water type of groundwater belong to the 
Ca-Mg-HCO3 type. The groundwater in the aquifer is not contaminated by the human 
activities, and the water-rock reaction is also not strong in the hard rock aquifer.  
Based on the characteristics of CFCs in the groundwater, the samples can be 
classified as three types which are related to the aquifer structure. The three types of 
groundwater flow in different zone of the aquifer are also estimated related to the 
characteristics of CFCs and aquifer structure of hard rock.  
In addition, the degree of effect by radioactive materials released from the nuclear 
power plant accident at Fukushima Dai-ichi site is also assessed indirectly. Except for 
the sample of number 9, the groundwaters of type 1 may be also contaminated lightly 
by the current water which are also can’t be used for living. With respect of 
groundwaters of type 2 and type 3, it should have no current water of air based on the 
binary mixing model, and can be used to living if it can meet the standard of domestic 
water. 
9.2 Future works 
Although CFCs are stable synthetic organic compounds for groundwater dating and 
successfully applied for assessing the groundwater flow and geochemical processes in 
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humid region in this thesis, some new and important topics are also need to deals with 
to enhance groundwater dating in arid area as future work. The future work will be 
focused on following aspects:  
(1) In arid area, the stability and credibility of CFCs should be also comprehensively 
assessed in different aquifers. For example, the unsaturated zone of aquifers in arid 
area is much thicker than that of aquifers in humid region basically. Where a thick 
unsaturated zone separates the atmosphere from the water table, then the 
concentrations of CFCs in the soil air immediately above the water table may not be 
the same as their atmospheric concentrations at that time. The CFC concentration in 
the soil air will depend on the rate of transport of CFCs through the unsaturated zone, 
and will be less than the atmospheric concentrations. If this effect is not considered, 
groundwater ages obtained with CFCs may overestimate true groundwater ages.  
(2) Advancement in the collection and measurements techniques for dissolved noble 
gas (Ar and Ne) to estimate recharge temperatures and excess air. 
(3) Dating groundwater using multi-tracer (SF6, 3H, 3H/3He, 85Kr, etc.) for 
comparative and verified studies. 
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